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ABSTRACT 
This dissertation focuses on the development of metal oxide electrocatalysts with varying 
applications for alternative energy technologies. Interest in utilizing clean, renewable and 
sustainable sources of energy for powering the planet in the future has received much attention. 
This will address the growing concern of the need to reduce our dependence on fossil fuels. The 
facile synthesis of metal oxides from earth abundant metals was explored in this work. The 
electrocatalysts can be incorporated into photoelectrochemical devices, fuel cells, and other 
energy storage devices.  
The first section addresses the utilization of semiconductors that can harness solar energy for 
water splitting to generate hydrogen. An oxysulfide was studied in order to combine the 
advantageous properties of the stability of metal oxides and the visible light absorbance of metal 
chalcogenides. Bi2O2S was synthesized under facile hydrothermal conditions. The band gap of 
Bi2O2S was smaller than that of its oxide counterpart, Bi2O3. Light absorption by Bi2O2S was 
extended to the visible region (> 600 nm) in comparison to Bi2O3. The formation of a composite 
with In2O3 was formed in order to create a UV irradiation protective coating of the Bi2O2S. The 
Bi2O2S/In2O3 composite coupled with a dye CrTPP(Cl) and cocatalysts Pt and Co3O4 was 
utilized for water splitting under light irradiation to generate hydrogen and oxygen. 
The second section focuses on improving the stability and light absorption of semiconductors 
by changing the shapes and morphologies. One of the limitations of semiconductor materials is 
that recombination of electron-hole pairs occur within the bulk of the materials instead of 
migration to the surface. Three-dimensional shapes, such as nanorods, can prevent this 
recombination in comparison to spherical particles. Hierarchical structures, such as dendrites, 
cubes, and multipods, were synthesized under hydrothermal conditions, in order to reduce 
recombination and improve photocatalytic activity. Another disadvantageous property of 
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semiconductors is that photocorrosion of metal chalcogenides such as CdS occurs. In an attempt 
to prevent this, these materials were coated with more stable oxides such as Cu2O and TiO2. The 
photocatalytic activity of these CdS multipods protected by the stable oxides was enhanced in 
comparison to CdS particles. 
The third section describes the synthesis and the use of mixed metal oxides for alcohol 
oxidation. Presently, Pt is the most active and efficient metal catalyst for alcohol oxidation in 
fuel cells. It is necessary to develop cheaper, earth abundant metals that can replace Pt. Mixed 
metal oxides based on Mo-V-(Te,Nb)-O were synthesized under hydrothermal conditions. These 
materials were incorporated into an electrochemical cell and used to oxidize cyclohexanol. At 
low temperatures of 60 °C, cyclohexanol was converted to cyclohexanone, cyclohexene, and 
adipic acid on Mo-V-O, Mo-V-Te-O, and Mo-V-Te-Nb-O respectively. The present work 
showed that these interesting materials might potentially be utilized as a catalyst in complex 
alcohol fuel cell technologies. 
In the final section, the electrochemical actuation in conducting polymers is studied. 
Conducting polymers, such as polypyrrole (PPy), and polythiophene (PTh), are often 
incorporated into actuators, sensors, and energy storage devices such as supercapacitors. The 
mechanism of the actuation in these polymers due to the insertion/removal of ions was studied. 
Electrochemical quartz crystal microbalance (EQCM) studies and in situ electrochemical stress 
measurements were the techniques used to study and to understand the observed actuation 
mechanism. The bilayer polypyrrole/polythiophene (PPy PTh) polymer film showed potential for 
enhancing the actuation and capacitance in energy storage devices.  
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Chapter 1: Introduction 
Alternative Energy Technologies 
1.1. Energy for the Future 
 
Future energy demands are estimated to reach 30–50 TW by 2050, based on population 
growth, and economic growth.
1 
The utilization of sustainable and renewable sources of energy is 
necessary to meet the energy demands. Presently, the combustion of fossil fuels is the main 
source of most of the energy supplied.
2
 However, the increasing levels of greenhouse gases poses 
an environmental threat and global warming.
3
 The development of carbon neutral sources of 
energy, such as solar, nuclear, wind, hydroelectric, biomass and geothermal energy, can address 
these concerns, and will alleviate the threat.
3
  
 
1.2. Alternative and Renewable Energy Sources 
1.2.1. Solar Energy 
 
Solar energy is by far the most abundant alternative energy source available. The energy 
striking the earth from sunlight in 1 h, 4.3 x 10
20
 J, was greater than all the energy consumed on 
the planet in 1 year, 4.1 x 10
20
 J, in 2001.
4
 Sunlight radiates a significant amount of energy daily, 
ca 700 Wm
-2
, in the tropical region.
5
 The harnessing of this solar energy would contribute to our 
electrical and chemical needs. However, there are challenges, such as capture, conversion and 
distribution, which limit the utilization of solar energy. 
Solar energy has been harnessed by semiconductors in different devices such as photo-voltaic 
solar cells (PV), dye sensitized solar cells (DSC), and photoelectrochemical cells (PEC).
6 
The 
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use of photovoltaics is a simple approach to capture and convert sunlight. However, there are 
limitations, such as low conversion efficiency, high cost, poor energy density, and environmental 
impact, that impede wide spread use.
5
 The intermittency in the supply of solar energy 
necessitates the conversion to a storable chemical fuel, such as hydrogen. Solar hydrogen is a 
clean and renewable source that can be stored and transported. Photoelectrochemical cells are 
low cost alternative devices that are potentially the most attractive method for hydrogen 
generation. 
Hydrogen produced photocatalytically from water splitting under solar radiation has attracted 
much interest as a clean energy carrier.
7
 Pioneering work by Honda and Fujishima on 
photoelectrochemical water splitting using TiO2 in 1972,
8
 has led to extensive studies using 
semiconductor photoelectrodes or photcatalysts for water splitting.
9-13
 The overall water splitting 
is an uphill reaction with an increase in Gibbs free energy: 
H2O(l) + hʋ→ H2(g) + ½ O2(g) ΔG° = 237.2 kJmol
-1                                                                                  
(1) 
The basic principle of overall water splitting is that upon irradiation with energy greater than 
the band gap (Eg) of the semiconductor, the electrons (e
-
) of the valence band (VB) are excited to 
the conduction band (CB) while holes (h
+
) are left in the VB. The electrons and holes that do not 
recombine migrate to the surface where they respectively reduce and oxidize water adsorbed on 
the semiconductor surface: 
 2H2O + 2e
-
 → H2 + 2OH
-
  0V vs NHE at pH = 0                                                            (2)  
 2H2O → O2 + 4H
+
 + 4e
-
     1.23 V vs NHE at pH = 0                                                      (3) 
There are energy requirements associated with these reactions, such that the bottom of the 
CB should be located at a more negative potential than the water reduction potential, and the top 
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of the VB should be located at a more positive potential than the water oxidation potential. 
Theoretically, water splitting occurs if the photon energy is greater than 1.23 eV. This energy 
corresponds to light with a wavelength about 1010 nm. Thus visible light can supply sufficient 
energy for water decomposition. The activation energy barrier in the charge transfer reaction 
between the water molecules and the semiconductor surface requires photon energy greater than 
the band gap of the semiconductor to drive the reaction at a measurable rate.
5
 
Many of the extensively studied and utilized semiconductors absorb ultraviolet (UV) light (λ 
< 400 nm) due to a large band gap.
14-17
 If all the UV light up to 400 nm was used, the solar 
conversion efficiency would be only 2 % . However, since nearly half of the incident solar 
energy on the Earth’s surface lie in the visible region (400 nm < λ < 800 nm), it is necessary to 
develop semiconductors with smaller band gaps that can absorb visible light. Theoretically, if 
visible light up to 600 nm is utilized, the efficiency would improve to 16 %. Furthermore, 
utilization of visible light up to 800 nm would give a conversion efficiency of 32 %. Achieving 
water splitting under visible light has been a challenging goal. The first demonstration of visible 
light water splitting was reported using a Z-scheme photocatalytic system of SrTiO3 doped with 
Cr and Ta.
18-20
 
Oxide semiconductors have been extensively used as heterogeneous photocatalysts due to 
their photostability. However, it is difficult to develop an oxide semiconductor with a sufficient 
negative CB and narrow band gap simultaneously. Some non-oxide semiconductors have been 
developed with the appropriate band levels and narrow band gaps in the visible range. However, 
these materials tend to photocorrode. In the recent advances for the development of photocatlysts 
several approaches have been followed namely: (i) finding new single phase material, (ii) 
tailoring the band energy by engineering of UV-active photocatalysts, and (iii) incorporating 
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cocatalyst to enhance performance of the photocatalyst.
21
 There are not many stable 
semiconductors that have both a sufficiently high visible light absorption and sufficiently high 
potential for water splitting. Therefore, achieving water splitting using heterogeneous 
photocatalysts under visble light has been a major challenge.  
 
1.2.2. Fuel Cells 
 
Fuels cells are key elements in the ‘hydrogen economy’ in which the hydrogen generated 
from clean, renewable sources can be utilized as a clean energy carrier.
22
 Hydrogen fuel cells are 
a clean alternative since they do not produce greenhouse gases and other pollutants.
23
 The total 
reaction for hydrogen oxidation in a fuel cell operates at an open circuit potential of 1.23 V under 
ambient conditions: 
 H2(g) + ½ O2(g) ↔ H2O(l)                                                                                                (4) 
The transportation and use of hydrogen as a fuel is limited due to physical properties such as 
lightweight thus low volumetric energy density. Also the flammability and the formation of 
explosive mixtures with air poses safety issues.
23
 Hydrogen transport is very expensive and 
implementation of the infrastructure requires high capital investment. Thus very few hydrogen 
fueling stations have been built in Europe and the US. 
Alternately, liquid fuel cells containing different types of liquids such as organic compounds, 
hydrocarbons, alcohols, and inorganic compounds, are also extensively studied. Alcohol fuel 
cells have a higher energy density and higher theoretical efficiency than hydrogen fuel cell. 
Methanol oxidation in a direct methanol fuel cell (DMFC) has been proposed as an alternative 
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for the hydrogen fuel cell.
24
 This DMFC has been extensively studied
25-27 
and is based on the 
reaction: 
 CH3OH(l) + 2O2(g) → CO2(g) + H2O(l)                                                                        (5) 
Alcohols with higher molecular weights have higher energy densities. Alcohol fuel cells 
based on C1-C5 alcohols have open circuit potentials that are only 10-100 mV lower than 
hydrogen fuel cells but exhibit higher theoretical efficiencies.
28-29
 However, the electrooxidation 
of alcohols in fuel cells is incomplete due to the difficulty of activation of C-C bonds and 
production of multiple intermediates and CO2.
30-32
 The electrooxidation in alcohol fuel cells 
forms thermodynamically stable, and kinetically inert products.
33
  
Hydrocarbon fuel cells have attracted interest due to extremely high energy density (9-10 
kWh/L for full oxidation), abundance, low costs, and existing infrastructure.  Early work utilized 
liquid hydrocarbons such as octane, decane, and diesel in a phosphoric acid fuel cell. Linear 
hydrocarbons produce higher current densities, and the addition of aromatic or branched 
hydrocarbons increases the anode overpotential.
34
 However, electrooxidation of hydrocarbons at 
low to intermediate temperatures is very difficult requiring high Pt catalyst loading (50 mg 
Pt/cm
2
).
35
 This approach in uneconomical and unfeasible. 
The anodic oxidation of fuels in liquid fuel cells remains the main challenge for widespread 
use of fuel cells. The current anode electrocatalysts are either too expensive, have low activity, 
low chemical or thermal stability, or not selective enough.
23
 Pt is the most active electrocatalysts 
used for the organic fuel oxidation, but it is poisoned by the reaction products. There are 
currently many different approaches in order to address these issues namely: (i) decreasing the 
high loading of the Pt catalyst by increasing dispersity or use of core-shell structures, (ii) 
replacing Pt with less expensive and abundant metals, and (iii) adjusting the electronic structure 
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by adding adatoms, alloying, and using active or constraining supports.
36-38
 Research efforts are 
therefore focused on the development of inexpensive, selective and active electrocatalysts to 
catalyze oxidation in liquid fuel cells.  
 
1.3. Energy Storage Devices 
 
New, cutting-edge materials for energy storage are being pursued as part of the effort to 
transform from the use of fossil fuels to clean renewable energy.
39
 Conducting polymers (CPs) 
are promising materials for replacing traditional metals and metal oxides in energy storage 
devices. The use of these polymeric materials for such applications is possible due to their 
unique physical and chemical properties, such as a wide conductivity range, processability, 
flexibility, light-weight, low cost, and large scale manufacturing ability.
40-47
 The electrical and 
optical properties of CPs are due to the conjugated structure with a backbone of adjoining sp
2
 
hybridised orbitals forming a delocalized π electrons.48 Most research on CPs for energy storage 
has focused on polyaniline, polypyrrole, and polythiophene, because of the commercial 
availability of the monomers and polymers, and the ease of synthesis. 
Nanostructures in CPs improve the properties in comparison to that of bulk materials.
49
 
Essentially there are two main methods of synthesizing CPs: (i) chemical oxidation of the 
monomer, and (ii) electrochemical oxidation of the monomer.
50
 Upon chemical oxidation of the 
monomer, the polymer precipitates out of the solution, and upon electrochemical oxidation, the 
polymer electrodeposits on the electrode.
51
 Electrochemical oxidation results in n-type or p-type 
CPs. The p-type CPs exhibit better electrochemical stability, and operates within a larger 
potential window than the n-type material. Electrodeposition of the CPs provides a method for 
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better controlling the morphology and structure in comparison to chemical oxidation. Thus 
electrochemical oxidation is more commonly utilized for the fabrication of CP electrodes. 
Conducting polymers are utilized in energy storage devices, such as electrolytic capacitors, 
supercapacitors, and batteries.
52-53
 There are three main properties of CPs that allow them to be 
used for these purposes namely: (i) their high surface area in contact with the electrolyte allow 
for high charge/discharge rates, (ii) their short path lengths for ionic transport allows for faster 
diffusion, and (iii) their high tolerance towards strain of an electrochemical reaction hence 
improving the cycle life of the device.
54
 However, the repetitive expansion/shrinkage behavior 
due to cycling leads to structural breakdown in the long term. Research is conducted in 
improving the cycling in these CP materials and understanding the mechanism of the actuation. 
CP materials are expected to improve the energy storage devices as a result of the redox reaction 
which they undergo in order to store charge in the bulk of the material, and hence increasing 
energy stored. 
  
1.4. Hydrothermal Synthesis of Metal Oxides 
 
Hydrothermal synthesis has attracted much attention since the process is compatible with 
green and sustainable chemistry.
55
 Hydrothermal synthesis is the crystal synthesis or crystal 
growth under high temperature and high pressure water conditions from reactants that are 
insoluble under ordinary temperature and pressure conditions (< 100 °C, <1 atm).
55-56
 
Hydrothermal synthesis is usually conducted below 300 °C because the ionic product (Kw) of 
water has a maximum around 250-300 °C with the critical temperature and pressure at 374 °C 
and 22.1 MPa respectively.
55
 Under these supercritical conditions, the dielectric constant, 
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solubility, and viscosity of solvents change drastically. The dielectric constant of water decreases 
with increasing temperature. The contribution of the dielectric constant to the reaction rates are 
remarkable based on the electrostatic theory.
57 
 
Hydrothermal conditions provide a facile and advantageous method for the synthesis of multi 
metal oxide compounds. The reaction rates are enhanced due to the low dielectric constant.
57
 The 
products have high crystallinity, and the particle sizes obtained depend on the hydrolysis rate and 
solubility of the metal oxide.
58
 In order to control the morphologies due to nucleation and 
crystallization of the particles, the hydrothermal conditions of temperatures and pressures can be 
varied.
55
 Another advantage of the synthesis of metal oxides under these conditions is that the 
process energy for the production of the high crystalline particles is reduced.
59 
The metal oxide 
particles synthesized under hydrothermal conditions have high crystallinity, and large surface 
areas which are desirable properties for catalytic purposes.
60
 Hydrothermal technology for 
material processing from laboratory to industry shows promise since water is an environmentally 
benign fluid, thus can promote economic efficiency and sustainable development. 
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Chapter 2: Oxysulfide Photocatalysts for Hydrogen Generation in Photoelectrochemical 
Cells  
Fabrication of an Oxysulfide of Bismuth Bi2O2S and Its Photocatalytic Activity in a Bi2O2S/ 
In2O3 Composite 
Reprinted from Journal of Photochemistry and Photobiology A: Chemistry, Vol. 277, Adele L. 
Pacquette, Hidehisa Hagiwara, Tatsumi Ishihara, Andrew A. Gewirth, Fabrication of an 
Oxysulfide of Bismuth Bi2O2S and Its Photocatalytic Activity in a Bi2O2S/ In2O3 Composite, 
pages 27-36., Copyright 2013, with permission from Elsevier. Hidehisa Hagiwara prepared the 
CrTPP(Cl) dye and conducted the photocatalytic experiments in the visible light region. The co-
authorship of Hidehisa Hagiwara, Tatsumi Ishihara and Andrew A. Gewirth is acknowledged. 
 
2.1. Introduction 
 
New, renewable energy sources are necessary for sustaining increasing global energy 
demands. Future energy demands based on population growth and economic growth are 
estimated to reach 30–50 TW by 2050.1 Presently, most of the energy consumed is supplied by 
the combustion of fossil fuels.
2
 Global warming as a result of increasing levels of greenhouse 
gases in the atmosphere, such as carbon dioxide, is a growing environmental concern.
2
 To 
address this threat, there is a need for the development of new carbon neutral energy sources 
such as solar, nuclear, wind, biomass, hydroelectric, and geothermal energy.
3
 Solar energy is by 
far the most abundant alternate energy source available. The amount of solar energy reaching the 
earth in 1 h provides more than the yearly global energy consumption.
2
 The direct harnessing of 
the solar energy to generate electricity and cost effective energy storage are the challenges which 
limit solar energy utilization. 
Solar energy has been harnessed by semiconductors in different devices such as photo-voltaic 
solar cells (PV), dye sensitized solar cells (DSC), and photoelectrochemical cells (PEC).
6 
The 
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coupling of an electrolyzer to the solar cell is a proposed method of producing the hydrogen with 
theoretical efficiencies of 85%.
6
 With the rapid growth in the solar cell market and improved 
efficiencies of thin-film devices incorporating amorphous silicon and Cu(In,Ga)Se2−xSx (CIGS),
5 
these cells are expected to meet the energy demands of the future. However, significant cost 
reduction and production scaling are necessary. Dye sensitized solar cells were proposed as low 
cost alternative by Gratzel.
6 
Record efficiencies, promising stability data, and means of energy 
efficient production methods have been accomplished by DSC.
7
 For smaller cells, conversion 
efficiency of 11.1% has been reached using the black dye and sensitizer.
8 
However, the corrosive 
property of iodine is a strong driving force in the search for alternative redox couples such as 
pseudohalogens like SCN
−
/(SCN)3
−
.
9 
Photoelectrochemical cells are a low cost alternative device 
and are potentially the most attractive method for hydrogen generation. A hypothetical efficiency 
of 16.8% for a semiconductor with band gap of 2.03 eV has been predicted.
6
 
Water splitting by solar energy to generate hydrogen is the most practical and cheap solution 
as a future energy carrier. Since the pioneering work by Honda and Fujishima demonstrating that 
titanium dioxide could split water to produce hydrogen and oxygen under UV-excitation,
10
 the 
use of oxide semiconductors for water splitting in photoelectrochemical devices has been 
extensively researched. Irradiation of a semiconductor excites electrons from the valence band 
edge to the conduction band edge. The electrons flow from the semiconductor into the solution 
for spontaneous water splitting if the conduction band edge is more negative relative to the 
reduction potential of water (2H
+
 + 2e
−
 → H2ΔE
0
 = 0 V vs NHE at pH 0). The holes formed in 
the valence band edge due to electron vacancies can oxidize water if the valence band potential is 
more positive than the oxidation potential of water (2H2O → O2 + 4H
+
 + 4e
−ΔE0 = 1.23 V vs 
NHE at pH 0). The maximum attainable efficiency of this process depends on factors such as the 
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band gap of the material, the region and percentage of solar spectrum absorbed, overpotentials, 
and thermodynamic losses.
6
 
In the present study, an oxide-chalcogenide semiconductor is proposed in order to attain a 
smaller band gap and improve efficiencies. An oxide-chalcogenide has a chemical composition 
which is intermediate between an oxide and the chalcogenide in the absence of an anionic 
group.
11
 A hybrid orbital is formed between the oxygen and the chalcogen. The presence of the 
chalcogen at the top of the valence band results in stabilization of this valence band by a negative 
potential shift to a level which is intermediate of that of the chalcogenide and the oxide.
12
 
Therefore, the oxide-chalcogenide has a smaller band gap than the oxide. Many mixed metals 
oxide-sulfides, such as LaInOS2,
13
 LaTaO3.5S0.5,
14
 La3GaOS5,
15
 and Sm2Ti2O5S2,
16 
have 
demonstrated the ability to generate hydrogen under UV irradiation in the presence of a 
cocatalyst and sacrificial electrolyte. Sm2Ti2O5S2 with a band gap of 2.0 eV has shown the 
highest hydrogen evolution rate of 22 μmol h−1.16 These semiconductors contain d0 or d10 metal 
cations, which are used to build the crystal structure
12
 and contain high conduction band levels 
providing the driving force for water reduction to hydrogen. 
In this study, the use of the abundant and promising bismuth oxide (Bi2O3) as a starting 
material for the synthesis of an oxide-sulfide is proposed. Although bismuth oxide is not a 
suitable semiconductor for hydrogen generation because of its large band gap, it has suitable 
optical properties for the utilization as a catalyst for organic photodegradation.
17-18
 Bismuth 
sulfide (Bi2S3) coupled with TiO2,
19
 and mixed metal oxides of bismuth
20-21
 have demonstrated 
the ability to generate hydrogen or oxygen. The dibismuthoxysulfide, (Bi2O2S), was then 
compared to the dibismuthoxyselenide, (Bi2O2Se), to study the effect of periodic trends on the 
photoactivity. The structure and the thermoelectric properties of Bi2O2S
11
 and Bi2O2Se
22-23 
have 
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been investigated. Although these oxide-chalcogenides are n-type semiconductors, there are no 
previous reports on their use in photoelectrolysis. The band gaps of Bi2O2S and Bi2O2Se have not 
been previously reported but are expected to be intermediate of Bi2S3 (1.2–1.25 eV)
24-25
 and 
Bi2O3 (2.6–2.8 eV)
26 
or Bi2Se3 (1.4 eV)
27
 and Bi2O3 respectively. 
Photoelectrochemical cells tend to utilize an n-type semiconductor; however the efficiency of 
the cell is reduced due to photogenerated charge carrier recombination. Recombination can be 
reduced by coupling in a heterojunction with another semiconductor. A p-type semiconductor is 
typically used to promote charge separation by a synergistic effect.
28
 The heterojunction may 
also reduce the hole–electron diffusion lengths in the semiconductor by promoting rapid transfer 
of the charge carriers to the surface thus limiting the probability of recombination. In the present 
study, we examine the formation of a heterojunction between the oxide-chalcogenide and In2O3. 
The resulting composite would in concept feature a smaller band gap due to the presence of the 
oxide-chalcogenide component, and photogenerated charge recombination reduced due to charge 
carrier migration across the heterojunction. 
 
2.2. Experimental 
2.2.1. Preparation of Catalyst 
  
Bismuth (III) oxide (Bi2O3, 99.9 %), indium (III) oxide (In2O3, 99.99+ %), and sodium 
sulfite nonahydrate (Na2S·9H2O, 99.99+ %) were obtained from Sigma Aldrich. Bi2O2S was 
prepared using a modification of the BiCuOS synthesis reported by Sheets et al.
29
 Na2S·9H2O 
was heated in a vacuum oven at 120 °C overnight. Stoichiometric amounts of Bi2O3 (1.4 g, 
3.0 mmol), In2O3 (0.7 g, 2.5 mmol) and excess Na2S (0.7 g, 9.0 mmol) were mixed with mortar 
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and pestle to form a uniform black powder mixture. The mixture was transferred to a 40 mL 
poly(tetrafluoroethylene) (PTFE) lined pressure autoclave (Parr Instruments). 20 mL of H2O 
(Millipore, MilliQ H2O, 18.2 MΩ) was added to the autoclave which was then sealed. The 
temperature was first set at 150 °C for 1 h and then ramped to 200 °C over a 1 h time period. The 
mixture was heated at 200 °C while stirring for 72 h. The product was obtained by centrifugation 
and rinsed 3× with water and then 3× with ethanol. The product was a black powder which was 
dried under vacuum at 80 °C. 
 
2.2.2. Preparation of Co3O4 Cocatalyst 
 
Cobalt (II, III) oxide was prepared using a modification of the BiVO4/Co3O4 synthesis 
reported by Wang et al.
28
 A 1.0 g portion of cobalt nitrate hexahydrate was dissolved in H2O. 
The solution was heated under stirring to allow the water to evaporate. The powder obtained was 
transferred to an alumina crucible and calcined in a tube furnace under air at 400 °C for 1 h. The 
black Co3O4 powder identity was confirmed by X-ray diffraction. 
 
2.2.3. Dye Preparation 
 
Cr(III)-tetraphenylporphyrin chloride CrTPP(Cl) was prepared following a method described 
previously by Edwards et al.
30
 Hydrogen tetraphenylporphine (H2TPP, 1.0 g, >98.0 %, chlorin 
free, TCI) was dissolved in 300 mL of N,N-dimethylformamide (DMF). After several minutes 
refluxing, CrCl2 (1.0 g, 99.99 %, Sigma–Aldrich Co. Ltd.) was added to the DMF solution. The 
reaction mixture was cooled to room temperature, and then poured into a beaker containing 
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300 mL of ice chilled water. The products were collected by filtration, and dried in a vacuum 
oven for 1 h at 373 K. Yield of crude CrTPP(Cl) was 64.1 %. Purification of CrTPP(Cl) was 
performed by column chromatography. Crude CrTPP(Cl) (0.2 g) was dissolved in 50 mL of 
dichloromethane (CH2Cl2), and then applied to a silica gel column (Merck, silica gel 60, 40–
63 μm) and eluted with CH2Cl2. Unreacted H2TPP was promptly eluted as a red band with the 
solvent solution, and CrTPP(Cl) was eluted as a green band. After the CrTPP(Cl) was eluted 
from the column, the CH2Cl2 was removed by using a rotary evaporator. The complex was dried 
for 3 h in a vacuum oven at 373 K. Yield of purified CrTPP(Cl) was 41.2 %.
31 
 
2.2.4. Preparation of Samples for Photocatalytic Testing 
 
CrTPP(Cl) (0.004 g, 0.8 wt % of composite) was dissolved in pyridine by sonicating for 
15 min. The dye was added dropwise on the composite. The composite was modified by the 
evaporation to dryness method
31
 by heating slowly while stirring to allow the evaporation of the 
solvent. Pt cocatalyst (0.001 g, 0.2 wt % of composite) was loaded on the dye modified 
composite by evaporation to dryness using H2PtCl6·6H2O (0.003 g, Sigma Aldrich). 
Co3O4 cocatalyst (0.001 g, 0.2 wt % of composite) was also loaded on the dye modified 
composite by evaporation to dryness. 
 
2.2.5. Characterization  
 
Powder X-ray diffraction (XRD) measurements were collected using a Siemens 
Diffractometer D5000 using Cu Kα radiation operated at 40 kV and 30 mA. The data was 
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collected in a 2θ range of 20–65° at a scan rate of 1°/min with 0.05 increments. The powder 
pattern of the product was analyzed using the Jade software and matched to a JCPDS file.
11
 
Rietveld refinement method was used to determine the crystallite sizes. Scanning electron 
micrographs (SEM) were collected using a Hitachi S4700 operated at 10 kV and 10 μA equipped 
with energy dispersive X-ray (EDX) for qualitative elemental analysis. The samples were 
dispersed on carbon tape (Ted Pella Inc.) mounted on an aluminum stage, and then sputter coated 
with a thin layer of Au/Pd alloy. Diffuse-reflectance UV–visible measurements were obtained by 
using a Varian Cary 5G spectrophotometer. The reflectance data was transformed to Kubelka 
Munck absorbance (F) using the relation F(R) = (1 − R)2/2R where R is the reflectance.32-34 X-
ray photoelectron spectroscopy (XPS) was collected with a Kratos Axis ULTRA employing a 
Mg anode.  
 
2.2.6. Photoelectrochemical Measurements  
 
The working electrode was prepared on indium tin oxide (ITO) coated glass slide (70–
100 Ω/sq surface resistivity, Sigma–Aldrich) following a method previously reported by Reyes-
Gil et al.
35
 The ITO slides were cleaned by sonication in isopropanol and then air dried. A 
sample slurry containing the composite (0.01 g), water (1 mL), acetylacetone (15 μL, >99%, 
Sigma–Aldrich) and triton-X-100 (5 μL, Fisher) was drop cast onto an area (1.5 cm × 2.5 cm) of 
the ITO slide marked off by scotch tape. The slurry was air dried in between depositions until all 
the slurry was deposited (approximately three depositions), then was heated at 200 °C for 12 h to 
remove the organic content and improve adhesion. Copper wire was used to make electrical 
contact by adhering with gallium indium eutectic (99.9+ %, Sigma–Aldrich) coated with epoxy. 
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Electrochemical measurements were performed using a CHI 760C potentiostat (CH 
Instruments). Platinum gauze was used as the counter electrode and an Ag/AgCl as the reference 
electrode. A xenon arc lamp (Newport Model 66902) operated at 150 W and equipped with a 
water filter to reduce infrared radiation was used to irradiate samples from the back side of the 
electrode through a circular sample port 1 cm in diameter. The electrode area illuminated was 
0.785 cm
2
. A chopper operating at 0.20 Hz was used to enable discrimination between 
electrochemical and photoelectrochemical current. A 0.1 M Na2SO4 (99%, Sigma–Aldrich) 
solution was used as the electrolyte. The electrolyte was purged for 20 min with Ar gas before 
measurements, and a positive Ar pressure over the solution was maintained during experiments. 
The apparatus was fitted with a 400 nm cutoff filter (Edmund Industrial Optics) to allow for 
visible light illumination.  
 
2.2.7. Photocatalytic Testing 
 
Photocatalytic reactions were carried out using an inner-radiation reaction pyrex vessel with 
a water-jacketed Quartz immersion well connected to a closed gas handling system (Ace Glass, 
Vineland, NJ).Gas evolution was detected with an online gas chromatograph (GC) equipped with 
a thermal conductivity detector (Agilent 6890 GC, G1532-60720 TCD). All reactions were run 
in 500 mL of solution and were irradiated with a 450 W medium-pressure Hg lamp or a 300 W 
Xe lamp. The composite particles were kept suspended by magnetic stirring. Energy conversion 
efficiency was defined as follows: Energy conversion efficiency (%) = (NH2x ∆H
0
com (H2)/I x A x 
t) x 100 where NH2 is the formation amount of hydrogen, ∆H
0
com (H2)/ (286 kJ/mol) is the 
standard enthalpy of hydrogen combustion, I (100 mW/cm
2
) is the light intensity of the solar 
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simulator (Peccell technologies, Inc. PEC-L12), A is the area of the reaction cell window and t is 
the reaction time. 
 
2.3. Results and Discussion 
2.3.1. Bi2O2S Synthesis and Characterization 
 
The XRD in Figure 2.1 shows that Bi2O2S formed in the hydrothermal process is quite 
consistent with Bi2O2S synthesized using other methods. Koyama et al. first synthesized Bi2O2S 
crystals hydrothermally in a Stellite bomb from a stoichiometric mixture of Bi2O3 and Bi2S3 with 
10 % NaOH solution as the solvent.
11
 The reaction was conducted under high temperatures and 
pressures of 673 K and 98 MPa for 3 days in order to overcome the low solubility of Bi2S3. 
In contrast, Na2S was used as the source of sulfur in this work instead of the more expensive 
Bi2S3. Na2S dissolves readily at room temperature, however Bi2O3 is insoluble. An increase in 
temperature or the use of a mineralizer can enhance the solubility of metal oxides.
36-55
 We did 
not use an alkaline mineralizer to avoid the hydrolysis of the sodium sulfide, a weak base.
29
 An 
attempt to increase the solubility of the metal oxide using an acidic mineralizer such as 
H2SO4 was not successful because the Bi2O2S product dissolved. Acidic mineralizers usually 
tend to incorporate the anion in the product or react with starting materials immediately to form 
inert precipitates.
36
 Sheets et al. showed that although there are challenges in synthesizing 
oxysulfides hydrothermally, the more acidic character of amphoteric Bi2O3 enhances its 
solubility under mild hydrothermal conditions and thus explains why BiCuOS was formed.
29
 
According to Rabenau, under hydrothermal synthesis conditions, a solubility of 2–5% of the 
least soluble component is necessary for generating a high yield of the product.
38
 Since a 
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mineralizer could not be utilized in order to enhance the solubility, reaction conditions using 
high temperatures at 200 °C, and high pressures were necessary in order to dissolve Bi2O3. 
Sheets et al. showed that under hydrothermal conditions at 200 °C and using Na2S, Bi2O3 readily 
dissolved in the formation of BiCuOS.
29
 
Figure 2.1 shows the powder X-ray diffraction data of the Bi2O2S/In2O3 composite, Bi2O2S 
alone, and the In2O3and Bi2O3 starting materials. In Bi2O2S alone, the X-ray pattern was indexed 
predominantly to Bi2O2S (JCPDS 00-034-1493) with an orthorhombic Pnnm unit cell.
11 
Bi2O2S 
crystalizes in two space groups: Pnnm and P21. In our Bi2O2S, both structures are found; the 
weak peaks at 27.5° and 28.9° denoted by (+) were matched to the Bi2O2S with a P21 space 
group (JCPDS 00-057-1047).
39 
The peak at 25.6° (*) is due to unreacted Bi2O3. In2O3 was 
matched to a cubic Ia3 unit cell (JCPDS 00-006-0416).
40
 The diffraction peaks of In2O3 in the 
starting reagent and the composite were similar confirming that In2O3 did not react under these 
hydrothermal conditions. In the composite, the absence of the Bi2O3, with a monoclinic P21c 
unit cell peaks (JCPDS 00-041-1449)
41
 and the presence of Bi2O2S confirmed complete reaction 
of the Bi2O3 under the hydrothermal conditions. Peak intensities from Bi2O2S alone and the 
Bi2O2S/In2O3composite varied slightly. This could be attributed to difference in sample 
composition or concentration. 
The absence of bismuth oxide characteristic peaks at 26°, 27°, 28°, and 47° in the XRD 
spectra of the Bi2O2S/In2O3 composite in Figure 2.1 confirms the complete reaction of 
Bi2O3 under the mild hydrothermal conditions. The refined unit cell parameters for the Bi2O2S 
synthesized under these reaction conditions belongs to an orthorhombic Pnnm system 
with a = 3.872 Å, b = 11.944 Å and c = 3.848 Å. These lattice parameters are in good agreement 
with those reported previously for a single crystal sample synthesized by Koyama et al., 
26 
 
with a = 3.874 Å, b = 11.916 Å, and c = 3.840 Å.
11
 The presence of In2O3 characteristic peaks at 
21°, 30°, 35°, 51°, and 61° in the Bi2O2S/In2O3 composite are in good agreement with that of the 
starting In2O3 reagent confirming that In2O3 does not react under these reaction conditions. These 
peaks are not present in the Bi2O2S component, thus are contributed solely by In2O3. In2O3 is a 
slightly amphoteric oxide and does not dissolve in alkaline media at elevated temperatures in the 
hydrothermal conditions utilized.
36
 
Rietveld refinement calculations using the Scherrer equation for the XRD results in Figure 
2.1 were used to estimate the average crystallite sizes of the products and starting reagents. The 
average crystallite sizes of Bi2O2S were 44.3 nm and in Bi2O2S/In2O3 were 32.3 nm and 73.7 nm 
for Bi2O2S and In2O3 respectively. The crystallite sizes of Bi2O3 and In2O3 in the starting 
reagents were found to be 76.5 nm and 108.5 nm respectively. The In2O3 particles in the starting 
reagents were larger than that in the composite product. This suggests that In2O3 particles were 
broken up under stirring action during the hydrothermal synthesis. 
Figure 2.2 shows SEM images obtained from the Bi2O2S/In2O3 catalyst. The figure shows 
slabs of material covered with smaller particles. By using EDX, the slabs are found to be 
composed of Bi, O, and S with no In found, while the particles atop the slab contain In and O, 
but no Bi (Figure 2.3). Thus, the catalyst comprises Bi2O2S slabs covered with In2O3 particles. 
The close contact between the components suggests formation of a heterojunction between the 
Bi2O2S and the In2O3 particles. The particle sizes obtained by SEM differ from that of the 
crystallite sizes obtained by XRD, since the particles are comprised of many crystals. 
Figure 2.5 shows XPS obtained from the Bi2O2S/In2O3 composite. The binding energies were 
calibrated using the C 1s energy of 284.6 eV. Figure 2.5a shows that the Bi 4f7/2 and 
Bi 4f5/2 binding energies were 160.4 and 165.7 eV. These peaks are shifted to higher binding 
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energies than that reported for commercial Bi2O3 (ca. 158.6 eV and 163 .9 eV, respectively).
42
 
The origin of this shift likely relates to the replacement of O with S. Sulfur is less electronegative 
than O, giving rise to increased electron density around the Bi cations resulting in a shift to 
slightly higher binding energies in the composite. Binding energies for elemental Bi are typically 
162.3 eV for Bi 4f5/2 and156.8 eV for Bi 4f7/2.
43 
Thus, the Bi in the composite is likely in the 3+ 
oxidation state. 
The In 3d3/2 and In 3d5/2 binding energies were observed at 454.1 and 446.3 eV respectively 
in the Bi2O2S/In2O3 composite (Figure 2.5b). Binding energies for elemental In are typically 
451 eV for In 3d3/2 and 443 eV for In 3d5/2.
43
 Thus, the In in the composite is likely in the 3+ 
oxidation state. The binding energies for the elemental components in the composite (Figure 2.5) 
are similar to that for Bi (165.8 eV, 160.6 eV), O (531.4 eV) and S (227.1 eV) in Bi2O2S (Figure 
2.6). These data show that the Bi2O2S component and the In2O3component in the 
Bi2O2S/In2O3 composite do not affect the binding energies of each other and occur as separate 
components not incorporated into the lattice of each other. 
The O 1s binding energy at 531.8 eV falls within the range of binding energies of 529–
532 eV reported for oxides of bismuth.
17,44
 The binding energy for O 1s depends on the cations 
and can be influenced by the presence of oxygen from surface hydroxyl groups. The S 2s binding 
energy at 227.1 eV differs from that of elemental sulfur of 229 eV
43 
by 2 eV thus S in the 
composite is in the 2− oxidation state. 
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2.3.2. Bi2O2S Optical Properties 
 
We determined the band gap of the materials synthesized in this study by using diffuse 
reflectance spectroscopy. Figure 2.7a shows the Kubelka Munck absorbance (F) of the 
Bi2O2S/In2O3 composite, Bi2O2S, In2O3 and Bi2O3. Figure 2.7a shows that while the two oxides 
exhibit strong absorbance in the UV region, they do not absorb at wavelengths greater than ca. 
450 nm. In contrast the Bi2O2S and the Bi2O2S/In2O3 composite materials both exhibit strong 
absorbance in the visible to at least 800 nm. 
The Kubelka Munck absorbance, F, is next used in a Tauc plot
32,34 
to determine the band 
gap, Eg, since Fhυ∼ (hυ − Eg)n where n is ½ for a direct band gap and 2 for an indirect band 
gap, and hυ the photon energy. Figure 2.7b shows that the direct band gaps obtained using this 
method for Bi2O3 and In2O3 were 2.8 eV and 3.2 eV respectively, in good agreement with that 
reported previously.
45-49
 In contrast, Figure 2.7c shows that the indirect band gap for Bi2O2S is 
1.5 eV. Additionally, the Bi2O2S/In2O3composite exhibits a higher energy inflection as well as a 
zero crossing at lower energy. In these cases, the lower energy crossing is associated with one 
band gap, while the other is found at the inflection point. In this case two band gaps at ∼2.8 eV 
and at ∼1.5 eV are seen. 
There is no previous report of the band gap of Bi2O2S. However, Bi2S3 has been extensively 
studied and exhibits an indirect band gap of 1.2 eV.
25,50
 Goodenough suggested that the 
electronegativity difference between the cations and anions strongly influences the band-gap of a 
material.
51
 The substitution of S atoms for O atoms in Bi2S3 or Bi2O2S compared to 
Bi2O3 decreases the electronegativity difference between cations and anions. Sirimanne et al. 
used this as a possible explanation for the observation of a smaller band gap for Bi2S3 than 
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Bi2O3.
24 
Since in Bi2O2S, only one oxygen atom was substituted, it is expected that the band gap 
(1.5 eV) will be intermediate of that of Bi2O3 (2.8 eV) and Bi2S3 (1.2 eV). The 
Bi2O2S/In2O3 composite exhibited an indirect band gap of 1.5 eV due to the Bi2O2S component 
and a direct band gap of 2.8 eV due to the In2O3 component. The presence of two peaks in 
spectral absorption corresponding to Bi2O2S and In2O3 suggests formation of a heterojunction 
between Bi2O2S and In2O3. The direct band gap due to In2O3 is red shifted in the 
Bi2O2S/In2O3 composite in comparison to the pure In2O3. Bi2O2S exhibits strong absorbance in 
the visible region, which shifts the absorbance of In2O3 to longer wavelengths by 
photosensitization. Li et al. observed a similar red shift in the band gap of TiO2 in 
Bi2S3/TiO2 composite,
52
 attributed to light absorption by Bi2S3 in the visible region. Also Yang et 
al. reported a red shift in the charge transfer (CT) band of TiO2 in In2O3/TiO2 composite due to 
the contribution of In 5s5p to the conduction band of TiO2.
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The visible light absorbance (>420 nm) and the >1.9 eV band gaps found for both the Bi2O2S 
and the Bi2O2S/In2O3 materials suggest that they might exhibit promise for hydrogen generation 
from water reduction. However, we must also ascertain that the conduction band is not more 
positive than that of water reduction (0 V vs NHE at pH 0) and that the valence band is not more 
negative than the water oxidation potential (1.23 V vs NHE at pH 0). 
  
2.3.3. Photoelectrochemical Response 
 
Valence (and conduction) band positions are determined by using photoelectrochemical 
studies combined with Mott–Schottky analysis. Figure 2.8a and 2.8b shows the results of 
photoelectrochemical measurements on Bi2O2S and the Bi2O2S/In2O3 composite. The increasing 
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anodic photocurrent indicated that the Bi2O2S and Bi2O2S/In2O3 composite were n-type 
semiconductors. 
The 400 nm cutoff filter results in the loss of only 21% of the photocurrent for Bi2O2S 
(Figure 2.8a) and 13% for the Bi2O2S/In2O3 (Figure 2.8b) composite respectively. These small 
changes in photocurrent when the 400 nm filter cut off was used suggested that band gap 
excitation is responsible for current generation in both Bi2O2S and the Bi2O2S/In2O3 composite 
since the absorption wavelengths were greater than 400 nm in the UV spectra. In comparing the 
photocurrent densities under light illumination and in the dark, there was a difference of 
13.7 μA/cm2 and 39.3 μA/cm2 for the Bi2O2S (Figure 2.8a) and the Bi2O2S/In2O3 composite 
(Figure 2.8b), respectively. This slightly enhanced photocurrent in the composite could be 
associated with degradation observed for Bi2O2S but not the Bi2O2S/In2O3 composite. The 
presence of the In2O3 component contributed to an increase in the overall photocurrent. 
The Bi2O2S/In2O3 composite exhibits slightly enhanced photocurrent density relative to 
Bi2O2S. However, the main role of the In2O3 was to prevent the degradation of the Bi2O2S. The 
presence of In2O3 stabilized the composite by protecting the Bi2O2S particles. In2O3 is an 
amphoteric oxide that has excellent conductivity and stability in aqueous environments.
49
 Dye 
modification and cocatalyst loading did not significantly affect the overall photocurrent density, 
suggesting that the properties of the composite were unaffected. 
During photoelectrochemical studies, the Bi2O2S was found to be unstable in comparison to 
the Bi2O2S/In2O3 composite since some of the deposited Bi2O2S particles came off the ITO slide 
during the measurement. The presence of In2O3 stabilized the composite apparently by protecting 
the Bi2O2S particles. The In2O3 band edges are suitably positioned to drive the redox reactions in 
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photoelectrochemical devices. In2O3 is routinely utilized in compound semiconductor systems 
such as nitrogen doped In2O3, TiO2/In2O3, and In2S3/In2O3 for water splitting.
49
 
Mott–Schottky plots for Bi2O2S and the Bi2O2S/In2O3 composite are shown in Figure 2.9a 
and 2.9b respectively. The intercept of 1/C
2
 with the abscissa is associated with the flat band 
potential. In n-type semiconductors the flat band potential (EF) is an approximation of the 
potential of the conduction band. The Mott–Schottky plots are linear when the capacity of the 
surface states and the Helmholtz layer are negligible and only the capacity of the space-charge 
layer is included. This means that the Mott–Schottky plots are associated with mainly the bulk 
but not to the surface of the samples.
54-55
 From the Mott–Schottky analysis in Figure 2.9, the 
average flat band potential was estimated to be −1.2 V vs Ag/AgCl at pH 6 (−1.0 V vs NHE at 
pH 6) and −1.0 V vs Ag/AgCl (−0.8 V vs NHE at pH 6) for the Bi2O2S (Figure 2.9a) and the 
Bi2O2S/In2O3 composite (Figure 2.9b) respectively. This is a good estimation of the potential at 
the bottom of the conduction band which lies between 0.1 and 0.4 eV more negative than the flat 
band potential depending upon the conductivity of the semiconductor.
56 
The potential of the 
valence band was then calculated from the difference between the flat band potential and the 
band gap of the material (1.5 eV). The valence band potentials were 0.5 V and 0.7 V vs NHE at 
pH 6 for Bi2O2S and Bi2O2S/In2O3 composite respectively. The estimated conduction band 
potentials −1.0 V and −0.8 V vs NHE at pH 6 for Bi2O2S and Bi2O2S/In2O3 composite 
respectively show promise for water reduction (−0.36 V vs NHE at pH 6). However the 
estimated valence band potentials 0.5 V and 0.7 V vs NHE at pH 6 for Bi2O2S and 
Bi2O2S/In2O3 composite respectively may not provide the necessary overpotential for water 
oxidation (0.87 V vs NHE at pH 6). 
 
32 
 
2.3.4. CrTPP Modification 
 
Recently, Hagiwara et al. showed that the water-splitting activity of KTa(Zr)O3 photocatalyst 
modified by CrTPP(Cl) was enhanced due to improved visible-light absorption and increased 
lifetime of photoexcited charges.
31,57
 We wondered whether the CrTPP(Cl) dye could also 
enhance the photoactivity of the Bi2O2S and the Bi2O2S/In2O3 composite. 
Although dye modification of the composite resulted in a slight decrease of ca. 24% in the 
overall photocurrent in Figure 2.10a, the values are similar for the unmodified and dye modified 
composite. In comparing the photocurrent densities under light illumination and in the dark, 
there was a smaller difference of 25.5 μA/cm2 (Figure 2.10a) for the dye modified in comparison 
to that of the unmodified composite (39.3 μA/cm2) (Figure 2.8b). Interestingly, the 400 nm 
cutoff filter results in the loss of only ca. 16% for the dye modified composite (Figure 2.10a) 
which was similar to that of the unmodified composite (13%) (Figure 2.8b). Therefore dye 
modification did not significantly change the properties of the composite. From the Mott–
Schottky analysis in Figure 2.10b, the average flat band potential was estimated to be −1.05 V vs 
Ag/AgCl at pH 6 (−0.85 V vs NHE at pH 6). The estimated conduction band potentials −0.85 vs 
NHE at pH 6 for the dye modified composite was slightly shifted to more cathodic potentials in 
comparison to that of the unmodified composite (−0.8 V vs NHE at pH 6) (Figure 2.9b) and 
shows promise for water reduction (−0.36 V vs NHE at pH 6). 
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2.3.5. Co3O4 Modification 
 
The necessary overpotential for water oxidation may not be provided in these systems 
without the application of an external bias or through addition of a cocatalyst which could shift 
the band edges to a more positive potential. Co3O4 is a p-type semiconductor which is commonly 
used as a cocatalyst for water oxidation to generate oxygen.
28
 Therefore, CrTPP(Cl) dye 
modified Bi2O2S/In2O3 composite coupled with p-Co3O4 was studied to observe water splitting. 
The overall photocurrent densities were slightly enhanced by the coupling with the 
Co3O4 cocatalyst (Figure 2.12c). However, in comparing the current densities under illumination 
to that in the dark, there was a decrease with Co3O4 addition for both the unmodified and dye 
modified composite. There was a slight increase in this value for the Bi2O2S only. 
From the Mott–Schottky analysis in Figure 2.13a, the average flat band potential was 
estimated to be −0.55 V vs Ag/AgCl at pH 6 (−0.35 V vs NHE at pH 6) for the 
Bi2O2S/In2O3 composite coupled with p-type Co3O4cocatalyst modified by CrTPP(Cl) dye. The 
average flat band potential was estimated to be −1.1 V vs Ag/AgCl at pH 6 (−0.9 V vs NHE at 
pH 6) for CrTPP(Cl) dye modified Bi2O2S/In2O3 composite coupled with p-type 
Co3O4 cocatalyst (Figure 2.13b). The valence band potential of 1.2 V vs Ag/AgCl at pH 6 (1.0 V 
vs NHE at pH 6) was observed due to the presence of p-type Co3O4 (Figure 2.13). Cocatalyst 
loading followed by dye modification decreased the overpotential. However, dye modification 
followed by cocatalyst loading (Figure 2.13b) did not significantly affect the overpotential in 
comparison to that of the dye modified composite (Figure 2.10b). Therefore in this study, the 
composite was first modified with the dye and then was loaded with the cocatalyst. 
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2.3.6. Photocatalytic Activity 
 
Figure 2.19 shows the photocatalytic activity of the composite in water under UV irradiation. 
14.8 μmol of H2 was generated in the presence of the Pt cocatalyst, however O2 was not 
generated thus indicating that true water splitting did not occur. Dye modification of the 
composite increased H2 production to 59.7 μmol, but oxygen was again not generated. The lack 
of O2 production may mean that OH
−
 is being produced but there is no active site available to 
catalyze the formation of the O-O bond. However, when the oxygen evolution cocatalyst, Co3O4, 
was also added, oxygen was generated. The CrTPP(Cl) dye modified n-Bi2O2S/In2O3coupled 
with p-type Co3O4 catalyzed water splitting. The total amount of H2 and O2 generated over 5 h 
was 75.1 μmol and 33.1 μmol respectively. The average rates of hydrogen and oxygen 
generation were 58.3 μmol/gcat h and 33.6 μmol/gcat h respectively. 
Photocatalytic activity under visible light irradiation was also observed. In Figure 2.20, the 
amount of gases evolved was less than that under UV irradiation in Figure 2.19. The light 
intensity of the solar simulator is less than that from the Hg lamp thus less gas was generated. 
0.37 μmol of hydrogen was generated in the presence of the Pt cocatalyst, however oxygen was 
not generated. Dye modification of the composite increased the hydrogen production to 
9.26 μmol. Also oxygen, 3.56 μmol, was generated upon dye modification without the addition 
of the Co3O4 oxygen cocatalyst. In the presence of the Co3O4 cocatalyst, the dye modified 
composite generated 9.79 μmol of hydrogen and 3.56 μmol of oxygen. These values are similar 
to that before Co3O4 addition. The CrTPP(Cl) dye modified n-Bi2O2S/In2O3 coupled with p-type 
Co3O4catalyzed water splitting under visible light. The average rates of hydrogen and oxygen 
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generation were 37.3 μmol/gcat h and 11.1 μmol/gcat h respectively with an energy conversion 
efficiency of 0.00128%. 
Photocatalytic water splitting was not achieved in pure water for either Bi2O2S or 
Bi2O2S/In2O3 composite. However generation of hydrogen occurred for the composite only in 
the presence of a sacrificial polysulfide solution of Na2S/Na2SO3. However, we observed 
significant photodegradation of the Bi2O2S/In2O3composite during the photocatalytic reaction 
using the sacrificial polysulfide solution of Na2S/Na2SO3.The particles following the reaction 
were visibly flake-like (Figure 2.21) in comparison to the slabs in Figure 2.2. The SEM images 
in Figure 2.2 showed that the In2O3 particles did not uniformly coat the Bi2O2S particles 
suggesting that better protection may be necessary during use with a sacrificial reagent. 
Dye modification improved the stability and enhanced the photocatalytic activity for 
hydrogen generation under UV and visible irradiation. There was a steady increase in gas 
production, indicating that the composite was stable and did not degrade. The SEM images of the 
particles before and after photocatalytic activity (Figure 2.22) show that the particles remain 
unchanged. Organic dyes promote hydrogen evolution activity since they prevent the oxidation 
of generated hydrogen.
58
 Additionally, the redox potential of organic dyes determines the rate of 
hydrogen formation. Hagiwara et al. showed that the LUMO level of CrTPP(Cl) was more 
negative than the water reduction potential.
58
 Upon irradiation, the excited electrons can reduce 
water to generate hydrogen in addition to that generated on the Pt cocatalyst. Since the HOMO 
level of CrTPP(Cl) is slightly more positive than the water oxidation potential (0.87 V vs NHE at 
pH 6), negligible oxygen was generated. Additionally, the valence band in the composite is more 
negative (0.5 V vs NHE at pH 6) than that required for water oxidation (0.87 V vs NHE at pH 6). 
Hagiwara et al. showed that the CrTPP(Cl) dye is stable under light irradiation.
59
 It was observed 
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that there was a slight decrease in absorbance of the dye after photocatalytic reaction. This was 
attributed to the elution of the dye from the surface of the catalyst. However, the dye remained in 
the reaction solution without decomposition. 
Oxygen generation was observed in the presence of the Co3O4 cocatalyst. Co3O4 promotes 
charge separation, increases the potential of the valence band and provides the necessary 
overpotential for oxygen generation. The valence band potential of 1.2 V vs Ag/AgCl at pH 6 
(1.0 V vs NHE at pH 6) was observed due to the presence of p-type Co3O4. This can provide the 
necessary overpotential for water oxidation at 0.87 V vs NHE at pH 6. The ratio of hydrogen and 
oxygen generation was slightly greater than the expected ratio of 2:1. 
 
2.4. Conclusions 
 
Hydrothermal synthesis was used to synthesize Bi2O2S from bismuth and sodium sulfide for 
the first time. The composite of Bi2O2S and In2O3 exhibited enhanced photocurrent in 
comparison to that of Bi2O2S. The In2O3 stabilized the Bi2O2S and prevented rapid degradation. 
Bi2O2S has a smaller band gap (1.5 eV) in comparison to Bi2O3 (2.8 eV), enhancing Bi2O2S 
activity in the visible spectral region. Photoelectrochemical studies showed that it is possible to 
utilize Bi2O2S and the Bi2O2S/In2O3 composite as n-type semiconductors. However, cocatalysts 
are necessary to provide the required overpotential for the water redox reactions. Dye 
modification of Bi2O2S/In2O3 composite with CrTPP(Cl) increased the hydrogen production 
under UV and visible irradiation at average rates of 47.4 μmol/gcat h (Figure 2.19) and 
35.5 μmol/gcat h (Figure 2.20) respectively. Addition of Co3O4 cocatalyst promoted oxygen 
generation and improved the average rates of hydrogen generation to 58.3 μmol/gcat h (Figure 
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2.19) and 37.3 μmol/gcat h (Figure 2.20) under UV and visible irradiation respectively. In Figure 
2.19 and Figure 2.20, there was a steady increase in the hydrogen and oxygen gases generated 
over 5 h. Since the gas evolution did not decrease or remain constant suggests that the catalyst is 
stable and could be stable over a longer period of time. However, further studies over a longer 
period of time are necessary to confirm this. The CrTPP(Cl) dye modified 
Bi2O2S/In2O3 composite loaded with Pt and Co3O4 cocatalyst catalyzed water splitting. 
The photocatalytic activity of CrTPP(Cl) dye modified Bi2O2S/In2O3 composite loaded with 
Pt and Co3O4cocatalyst shows promise for water splitting. However, the photoelectrochemical 
properties of the electrodes were not optimized according to dye placement and concentration of 
dye or cocatalyst. This could partly explain why the photocurrent densities and photocatalytic 
activity are not higher. Other key factors that decrease the efficiency of powder semiconductor 
electrodes are the electron/hole lifetime due to recombination, the random orientation of 
nanoparticles, and the loss of electron transport at the grain boundaries. Future additional studies 
addressing these factors could be beneficial for the development of more efficient materials. 
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2.5. Figures 
 
Figure 2.1. Powder X-ray diffraction pattern of Bi2O2S/In2O3 composite compared to the 
patterns of the Bi2O2S and In2O3 components and the Bi2O3 starting reagent showing the JCPDS 
line match. 
 
Figure 2.2. SEM micrograph illustrating morphology of Bi2O2S/In2O3 composite. 
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Figure 2.3. EDX of Bi2O2S/In2O3 composite for all components (a), slab component (b) and 
particles atop slab (c). 
 
 
Figure 2.4. SEM micrograph illustrating morphology of Bi2O2S. 
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Figure 2.5. XPS of Bi2O2S/In2O3 composite showing the elemental components Bi (a), In (b), O 
(c) and S (d). 
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Figure 2.6. XPS of Bi2O2Sshowing the elemental components Bi (a), O (b) and S (c). 
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Figure 2.7. Diffuse reflectance spectra for Bi2O2S/In2O3 composite, Bi2O2S, In2O3 and Bi2O3 
starting reagents (a) Tauc plot determination of direct band gap energies (b) and indirect band 
gap energies (c). 
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Figure 2.8. Current density-voltage curves under chopped illumination (0.20 Hz) in 0.1 M 
Na2SO4 (pH 6) for Bi2O2S (a) Bi2O2S/In2O3 composite (b). 
 
Figure 2.9. Mott-Schottky analysis for Bi2O2S (a) Bi2O2S/In2O3 composite (b). 
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Figure 2.10. Current density-voltage curves (a) and Mott-Schottky analysis (b) for CrTPP(Cl) 
dye modified Bi2O2S/In2O3 composite. 
 
Figure 2.11. Powder X-ray diffraction pattern of synthesized Co3O4. 
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Figure 2.12. Current density-voltage curves for Bi2O2S (a) Bi2O2S/In2O3 composite (b) and 
CrTPP(Cl) dye modified Bi2O2S/In2O3 composite (c) coupled with p-type Co3O4 cocatalyst. Dark 
(black line), full illumination (red line), and 400 nm cutoff (blue line). 
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Figure 2.13. Mott-Schottky analysis for Bi2O2S/In2O3 composite coupled with p-type Co3O4 
cocatalyst modified by CrTPP(Cl) dye (a) CrTPP(Cl) dye modified Bi2O2S/In2O3 composite 
coupled with p-type Co3O4 cocatalyst (b). 
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Figure 2.14. Mott-Schottky analysis for Bi2O2S coupled with p-type with Co3O4 cocatalyst(a) 
Bi2O2S coupled with p-type Co3O4modified by CrTPP(Cl) dye(b) CrTPP(Cl) dye modified 
Bi2O2S(c) and CrTPP(Cl) dye modified Bi2O2S coupled with p-type with Co3O4 cocatalyst (d) 
Cocatalyst loading followed by dye modification changed the conduction band potential. Dye 
modification followed by cocatalyst loading did not significantly affect the conduction band 
potential. 
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Figure 2.15. Mott-Schottky analysis for Bi2O2S/In2O3 compositecoupled with p-type with Co3O4 
cocatalyst(a) Bi2O2S/In2O3 composite coupled with p-type Co3O4modified by CrTPP(Cl) dye (b) 
CrTPP(Cl) dye modified Bi2O2S/In2O3 composite(c) and CrTPP(Cl) dye modified Bi2O2S/In2O3 
composite coupled with p-type with Co3O4 cocatalyst (d) Cocatalyst loading followed by dye 
modification changed the conduction band potential. Dye modification followed by cocatalyst 
loading did not significantly affect the conduction band potential. 
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Figure 2.16. Current density- Voltage curves for Bi2O2S coupled with p-type with Co3O4 
cocatalyst(a) Bi2O2S coupled with p-type Co3O4 modified by CrTPP(Cl) dye (b) CrTPP(Cl) dye 
modified Bi2O2S(c) and CrTPP(Cl) dye modified Bi2O2S coupled with p-type with Co3O4 
cocatalyst (d) Dye modification enhanced the photocurrent density. Dye modification prior to 
cocatalyst loading does not affect the overall photocurrent density. 
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Figure 2.17. Current density- Voltage curves for Bi2O2S/In2O3 compositecoupled with p-type 
with Co3O4 cocatalyst(a) Bi2O2S/In2O3 composite coupled with p-type Co3O4modified by 
CrTPP(Cl) dye (b) CrTPP(Cl) dye modified Bi2O2S/In2O3 composite(c) and CrTPP(Cl) dye 
modified Bi2O2S/In2O3 composite coupled with p-type with Co3O4 cocatalyst (d) Dye 
modification enhanced the photocurrent density. Dye modification prior to cocatalyst loading 
does not affect the overall photocurrent density. 
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Figure 2.18. Energy diagram for Bi2O2S/In2O3 composite (a), CrTPP(Cl) dye modified 
Bi2O2S/In2O3 composite (b) Bi2O2S/In2O3 composite coupled with p-type Co3O4cocatalyst 
modified by CrTPP(Cl) dye (c) and CrTPP(Cl) dye modified Bi2O2S/In2O3 composite loaded 
with p-type Co3O4 (d). 
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Figure 2.19. Photocatalytic activity in H2O of Bi2O2S/In2O3composite (0.25 g) modified with 
CrTPP(Cl) dye (0.8 wt %) and loaded with Pt and Co3O4 cocatalyst (0.2 wt %). Reaction 
solution: 500 mL water. Light source: 450 W Hg lamp. Hydrogen (solid symbols) oxygen   
(Open symbols) Pt/Bi2O2S/In2O3 ( ), Pt/CrTPP(Cl)/Bi2O2S/In2O3( ), 
Pt,Co3O4/CrTPP(Cl)/Bi2O2S/In2O3( ). 
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Figure 2.20. Photocatalytic activity in H2O of Bi2O2S/In2O3composite (0.05 g) modified with 
CrTPP(Cl) dye (0.8 wt %) and loaded with Pt and Co3O4 cocatalyst (0.2 wt %). Reaction 
solution: 30 mL water with KOH, pH 11. Light source: Solar simulator, 300 W Xe lamp 
hydrogen (solid symbols) oxygen (Open symbols) Pt/Bi2O2S/In2O3 ( ), Co3O4/Bi2O2S/In2O3 (
),Pt/CrTPP(Cl)/Bi2O2S/In2O3( ),Co3O4/CrTPP(Cl)/Bi2O2S/In2O3( ), 
Pt,Co3O4/CrTPP(Cl)/Bi2O2S/In2O3( ). 
 
 
Figure 2.21. SEM micrograph illustrating morphology of Bi2O2S/In2O3 composite after 
photocatalytic studies in Na2S/Na2SO3showing flake-like particles indicating degradation. 
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Figure 2.22. SEM micrograph illustrating morphology of dye modified Bi2O2S/In2O3 composite 
before (a) after (b) photocatalytic studies in H2O. 
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Chapter 3: Hydrothermal Synthesis of Electrocatalysts and Applications Outlook 
Improving the Stability of CdS Nanoparticles by Fabricating Hierarchical Structures  
 
3.1. Introduction 
 
The increasing energy demands and environmental concerns have been the motivation for 
extensive research of developing photocatalysts for harnessing of sunlight for the photocatalytic 
hydrogen production from water.
1
 The high cost of silicon solar cells forces the development of 
new photovoltaic devices utilizing cheap and non-toxic materials prepared by energy-efficient 
processes.
2
 However, most photocatalysts developed so far, such as TiO2 with band gaps of 3.0 – 
3.2 eV, are only active under ultraviolet light, which merely occupies around 4 % of the received 
solar energy.
1,3
 TiO2 exhibits low photocatalytic activity for hydrogen generation due to its large 
band gap and rapid recombination of photogenerated electron-hole pairs.
4-5
 To enhance the 
efficiency of TiO2 in the visible range, dye sensitization or combination with narrow-band-gap 
semiconductor films have been studied.
3
 The loading of metal oxides with narrow band gaps on 
TiO2 can enhance the visible light response.
4
 Also the formation of the heterojunctions by TiO2 
and other metal oxides can lead to the efficient separation of photogenerated electron-hole pairs.
4
 
There have been many attempts to modify large band gap semiconductors such as TiO2, ZnO 
and SnO2, with chalcogenides, such as CdS and CdSe.
6
 These chalcogenides are short band gap 
semiconductors that can sensitize the large band gap materials.
6 
The CdS will absorb ligh,t and 
upon excitation, can inject the electrons into the TiO2 where hydrogen can be generated and the 
remaining holes in CdS can be used for oxygen generation. 
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Cu2O is another promising material for photovoltaic cells because of its high absorption 
coefficient, non-toxicity, and low-cost producibility.
7-9
 Cu2O has been extensively studied in 
order to utilize its p-type semiconductor character and its direct band gap of 2 eV yielding 
potential catalysis applications.
10 
Cu2O has valence and conduction bands at 1.30 V and -0.70 V 
vs NHE respectively. These bands have been shown to be well aligned with that of CdSe (1.32 V 
and -0.59 V) to form a p-n junction.
11
 A similar heterojunction of CdS and Cu2O was explored in 
this study. 
Morphology controlled synthesis of nanostructures to obtain nanorods, nanowires, nanotubes, 
and nanocubes has received much interest recently.
12
 There are size and shape dependent 
properties such as ballistic transport, different longitudinal and transverse electronic and optical 
properties due to density of state singularities, discrete molecule like behavior along the length or 
phenomena such as spin-charge separation predicted for a Luttinger liquid, that are desirable and 
are being explored.
11-12
 These semiconducting materials have been utilized in photoelectric 
conversion devices, light emitting diodes and optical devices.
12
 CdS structures with various 
morphologies have been prepared by chemical or physical methods, including laser ablation, 
templating, vapor deposition, colloidal, and solvothermal methods.
12
 However, there is a 
challenge in controlling the morphologies of 3D CdS structures over a wide range.
12
 
Hydrothermal conditions allow for the controllable, facile, and scalable synthesis of 
nanostructures with high surface areas. The shapes, sizes, and morphologies of these 
nanomaterials can determine their light harvesting properties and long term stability. The self-
organized one-dimensional nanotube creates a better opportunity to harvest sunlight more 
efficiently than the randomly oriented nanoparticles.
3
 It has been shown that in the highly 
ordered titania nanotube array structure, vectorial charge transfer from the solution to the 
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conductive substrate occurs thus reducing the losses incurred by charge-hopping across 
nanoparticle grain boundaries.
3
 These different morphologies, in particular a branching multipod 
shapes can be prepared by varying the synthesis conditions such as water content, reagent 
concentrations, reaction time, and reaction temperature.
10
 In this work, the hydrothermal 
synthesis conditions were varied in order to obtain different morphologies.  
 
3.2. Experimental 
3.2.1. Synthesis of Materials 
CdS/TiO2 
 
Cadmium chloride hydrate (CdCl2.xH2O, 98 %), thiourea (NH2CSNH2, > 99.0 %) and 
titanium (IV) oxide (TiO2, 99.9 %) were obtained from Sigma-Aldrich. N,N-dimethylformamide 
(HCON(CH3)2, 99.8 %) was obtained from Fisher. The chemicals were used as obtained without 
further purification. CdS particles were prepared following moderate modification of that by 
Chen, et al.
12
 Stoichiometric amounts of CdCl2.xH2O (0.39 g, 2.2 mmol) and thiourea (0.16 g, 
2.2 mmol) were dissolved separately in 10 mL of H2O (Millipore, MilliQ H2O, 18.2 MΩ). The 
mixtures were combined and then transferred to a 40 mL Teflon-lined pressure autoclave (Parr 
Instruments). 16 mL of H2O was added to the autoclave and then this was sealed.  The mixture 
was heated at 200 °C while stirring for 8 h and 16 h to make CdS dendrites and CdS flowers 
respectively. In order to make the CdS multipods, 10 mL of N,N-dimethylformamide was also 
added to the mixture and was heated at 200 °C for 8 h. The product was obtained by 
centrifugation and rinsed 3X with water and then 3X with ethanol. The product was a yellow 
powder which was dried under vacuum at 60 °C for 4 h. 
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The CdS/TiO2 particles were also prepared by hydrothermal synthesis.
1
 A suspension of TiO2 
(0.042 g, 0.52 mmol) in NaOH (0.1 M, 20 mL) was prepared.
1
 This reactant mixture was 
transferred to the autoclave. The previously synthesized CdS particles (0.13 g, 0.92 mmol) were 
then added to the autoclave and then the autoclave was sealed. The mixture was heated at 150 °C 
for 48 h while stirring. The product was obtained by centrifugation and rinsed 3X with water and 
then 3X with ethanol. The product was a yellow powder which was dried under vacuum at 60 °C 
for 24 h. 
 
CdS/Cu2O/TiO2 
 
Copper (II) nitrate (hemi) pentahydrate (Cu(NO3)2.2.5H2O, 98 %) was obtained from Fisher 
and formic acid (HCOOH, > 96 %) was obtained from Sigma Aldrich. Cu2O particles were 
prepared following a slight modification of the procedure by Chang, et al.
10
 A 0.1 M copper (II) 
nitrate (0.58 g) solution was prepared in 25 mL of ethanol: water  mixture (80% : 20% volume 
ratio). Formic acid (1.5 mL) was added dropwise to the mixture and then the mixture was 
sonicated for 15 minutes. The previously prepared CdS particles were weighed out into the 
Teflon lined autoclave. The Cu(NO3)2 solution was poured into the autoclave. The mixture was 
heated at 150 °C for 4 h while stirring. The product was obtained by centrifugation and rinsed 
3X with water and then 3X with ethanol. The product was a red powder which was dried under 
vacuum at 60 °C for 2 h. 
The CdS/Cu2O/TiO2 particles were also prepared by hydrothermal synthesis. A suspension of 
TiO2 (0.042 g, 0.52 mmol) in NaOH (0.1 M, 20 mL) was prepared.
1
 The reactant mixture was 
transferred to the autoclave. The previously synthesized CdS/Cu2O particles (0.024 g) were then 
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added to the autoclave and then the autoclave was sealed. The mixture was heated at 150 °C for 
24 h while stirring. The product was obtained by centrifugation and rinsed 3X with water and 
then 3X with ethanol. The product was a grey powder which was dried under vacuum at 60 °C 
for 2 h.  
 
3.2.2. Characterization 
 
Powder X-ray diffraction (XRD) measurements were collected using a Siemens 
Diffractometer D5000 using Cu Kα radiation operated at 40 kV and 30 mA. The data was 
collected in a 2θ range of 20–65° at a scan rate of 1°/min with 0.05 increments. The powder 
pattern of the product was analyzed using the Jade software and matched to a JCPDS file. 
Rietveld refinement method was used to determine the crystallite sizes. Scanning electron 
micrographs (SEM) were collected using a Hitachi S4700 operated at 10 kV and 10 μA equipped 
with energy dispersive X-ray (EDX) for qualitative elemental analysis. The samples were 
dispersed on carbon tape (Ted Pella Inc.) mounted on an aluminum stage and then sputter coated 
with a thin layer of Au/Pd alloy. Diffuse-reflectance UV–visible measurements were obtained by 
using a Varian Cary 5G spectrophotometer. The reflectance data was transformed to Kubelka 
Munck absorbance (F) using the relation F(R) = (1 − R)2/2R where R is the reflectance.13-15 X-
ray photoelectron spectroscopy (XPS) was collected with a Kratos Axis ULTRA employing a 
Mg anode. 
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3.2.3. Photoelectrochemical Measurements 
 
The working electrode was prepared on indium tin oxide (ITO) coated glass slide (70–
100 Ω/sq surface resistivity, Sigma–Aldrich) following a method previously reported by Reyes-
Gil et al.
16
 The ITO slides were cleaned by sonication in isopropanol and then air dried. A 
sample slurry containing the particles (0.01 g), water (1 mL), acetylacetone (15 μL, >99%, 
Sigma–Aldrich) and triton-X-100 (5 μL, Fisher) was drop cast onto an area (1.5 cm × 2.5 cm) of 
the ITO slide marked off by scotch tape. The slurry was air dried in between depositions until all 
the slurry was deposited (approximately three depositions), then was heated at 200 °C for 12 h to 
remove the organic content and improve adhesion. Copper wire was used to make electrical 
contact by adhering with gallium indium eutectic (99.9+ %, Sigma–Aldrich) coated with epoxy. 
Electrochemical measurements were performed using a CHI 760C potentiostat (CH 
Instruments). Platinum gauze was used as the counter electrode and a ‘no leak’ Ag/AgCl as the 
reference electrode. A xenon arc lamp (Newport Model 66902) operated at 150 W and equipped 
with a water filter to reduce infrared radiation was used to irradiate samples from the back side 
of the electrode through a circular sample port 1 cm in diameter. The electrode area illuminated 
was 0.785 cm
2
. A chopper operating at 0.20 Hz was used to enable discrimination between 
electrochemical and photoelectrochemical current. A 0.1 M Na2SO4 (99 %, Sigma–Aldrich) 
solution was used as the electrolyte. The electrolyte was purged for 20 min with Ar gas before 
measurements and a positive Ar pressure over the solution was maintained during experiments. 
The apparatus was fitted with a 400 nm cutoff filter (Edmund Industrial Optics) to allow for 
visible light illumination. 
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3.2.4. Photocatalytic Testing 
 
Photocatalytic reactions were carried out using an inner-radiation reaction pyrex vessel with 
a water-jacketed Quartz immersion well connected to a closed gas handling system (Ace Glass, 
Vineland, NJ). Gas evolution was detected with an online gas chromatograph (GC) equipped 
with a thermal conductivity detector (Agilent 6890 GC, G1532-60720 TCD). All reactions were 
run in 500 mL of 0.035 M Na2S.9H2O ( > 98 %, Acros)/ 0.025 M Na2SO3 ( > 98 %, Aldrich) 
solution. The particles were kept suspended in this solution by magnetic stirring. The solution 
was irradiated using a 450 W medium-pressure Hg lamp or a 300 W Xe lamp.  
 
3.3. Results and Discussion 
3.3.1. CdS/TiO2 
 
The XRD in Figure 3.1 shows the materials prepared by hydrothermal synthesis. All the 
different CdS particles (dendrites, flowers and multipods) were matched to that of JCPDS 04-
001-6853.
 
The CdS had a greenockite phase with a hexagonal P63mc unit cell. The TiO2 
particles were in the rutile phase and matched to JCPDS 04-001-7096, with a tetragonal P42mnm 
unit cell. The crystallite sizes determined by Rietveld refinement were 55.3 nm, 32.5 nm, and 
49.9 nm for the CdS dendrites, flowers, and multipods, respectively. In the CdS/TiO2 construct, 
the sizes of the CdS particles were similar, i.e. 50.0 nm, 38.2 nm, and 44.4 nm for the dendrites, 
flowers, and multipods, respectively. The similar sizes of the CdS particles and that attached to 
TiO2 showed that the addition of TiO2 did not affect the CdS particle size. The size of the TiO2 
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particles also varied, 139.8 nm, 77.1 nm, and 99.6 nm respectively. However, the particles’ sizes 
were similar, thus an effect of size on reactivity would be negligible. 
The SEM images in Figure 3.2 show that different shapes and morphologies were obtained 
by varying the reaction conditions. The different shapes obtained agreed with the previous work 
which showed that there was an evolution in the morphology with the DMF concentration.
12
 
Also varying the reaction time resulted in different shapes, by doubling the reaction time of that 
for the formation of dendrites (from 8 h to 16 h), flowers were obtained. The addition of 10 mL 
of DMF and the same reaction time of 8 h resulted in the formation of multipods. Previous work 
by Chen, et al. only observed the change in morphology with DMF concentration but the 
reaction time was constant.
12
 In this work, it was shown that there is also an evolution of 
morphology with reaction time.  
Although the aim was to synthesize an intimate CdS/TiO2 structure, with the TiO2 particles 
protecting the CdS to prevent photocorrosion, this was not achieved. There were still some areas 
of the CdS particles that were exposed. Therefore, these structures may still photodegrade. 
However, the most protected structure was the flowers, because the structure was random. Also 
the sizes and shapes of the CdS particles were not affected by the addition of the TiO2. Therefore 
this hydrothermal synthesis method was a good method to make these particles. Some previous 
attempts to coat the CdS particles by solid state synthesis and chemical bath deposition destroyed 
the particles.   
XPS data in Figure 3.3 confirmed the elemental composition and oxidation number of the 
components. It is clearly shown that TiO2 was added but this did not affect the binding energy of 
the CdS particles. Therefore the CdS and TiO2 components did not combine and remained 
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separate particles. The binding energies agreed with that typically observed for CdS and TiO2 
particles.
12,17 
UV-Vis data in Figure 3.4 was used to determine the band gap and to confirm the range of 
light absorbance from the Kubelka-Munck absorbance. The band gap of the CdS particles ranges 
from 2.3 - 2.5 eV. These band gaps agree with that previously reported for CdS particles.
18 
The 
slight difference in band gaps for the different particles was due to the size variations, 
demonstrated by the XRD and SEM data. The trend in increasing size: flowers < multipods < 
dendrites, is the same trend observed in the band gaps. This size difference was also confirmed 
visibly in the color of the working electrode observed, shown in Figure 3.5. The shift in band 
gaps has been demonstrated to occur due to the quantum confinement effects.
6
 The rutile TiO2 
particles were identical and the presence of the differently shaped CdS particles did not affect the 
band gaps of the TiO2 particles. The band gap of 3.0 eV observed for these TiO2 particles is 
commonly reported for TiO2.
17 
Also the observed band gaps for CdS in the CdS/TiO2 composites 
were similar to that previously reported for CdS particles. Therefore, the determined band gaps 
confirmed previous observations that the presence of TiO2, does not change or affect the CdS 
particles. In fact, there were two distinct band gaps showing that a heterojunction was formed. 
Photoelectrochemical studies in 0.1 M Na2SO4 electrolyte were conducted to determine the 
activity of these particles (Figure 3.6). For the dendrite particles, the current density was 
decreased upon addition of TiO2. This occurrence may be due to CdS not being uniformly coated 
so the particles were exposed and photodegraded. The current densities were slightly enhanced 
by the presence of TiO2 for both the flowers and the multipods. In the CdS/TiO2 flowers and 
multipods, coverage of the CdS particles by the TiO2 particles was more widespread than that for 
the dendrites. The better coverage may contribute to the reduction in the photodegradation. Chen, 
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et al, showed that CdS nanoparticles intimately enwrapped by TiO2 nanotubes showed enhanced 
photoactivity because there was limited agglomeration of the CdS particles.
1
 The enhancement in 
current densities was more significant for the multipods than the flowers. For the flowers, the 
current densities for the CdS and the CdS/TiO2 were similar and only enhanced by 
approximately 1.5X. However for the multipods, the current densities for the CdS/TiO2 
multipods were 4X that of the CdS multipods. The widely accepted theory is that in these three- 
dimensional structures there will be better charge separation; thus enhanced charge separation 
could account for the higher activity observed in these multipods.
6 
A tubular nanostructure 
exhibits better electron collecting and transport properties than a particulate nanostructure.
6
 Also 
by controlling the size of the CdS particles, the photoresponse can be changed.
6
 Although the 
CdS particles were protected by the TiO2 particles to prevent photodegradation, overall there was 
no significant change in photocurrent densities due to the addition of the TiO2 particles. 
There was an attempt to generate hydrogen gas on the CdS/TiO2 multipods since these 
particles were the most stable with the highest observed current densities. Figure 3.7 shows the 
amount of hydrogen gas generated in the presence of the sacrificial reagent 0.035 M Na2S/0.025 
M Na2SO3. There was a steady increase in hydrogen gas generation over time. A maximum of 
2125 µmol of hydrogen was generated over 5 h. 
 
3.3.2. CdS/Cu2O/TiO2 
 
Hydrothermal growth of Cu2O particles was previously examined by Chang, et al.
10
 Different 
shapes and morphologies of the Cu2O particles were obtained by varying the ethanol: water 
volume ratios used. Since better control in the shape of Cu2O could be achieved than that of the 
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TiO2, then a more uniform coating of the CdS particles was possible in a CdS/Cu2O composite. 
Thus in an attempt to form a more intimate contact between the CdS particles, Cu2O particles 
were used to form the CdS/Cu2O/TiO2 catalyst. 
The CdS synthesized had similar properties as that previously made. The greenockite phase 
was obtained (Figure 3.8) and the similar shapes were observed in the SEM images (Figure 3.9). 
The Cu2O synthesized were matched to JCPDS 04-002-0905, with a cubic Pn3m unit cell. The 
cubes (Figure 3.9) obtained are similar to that previously reported.
10
 XPS (Figure 3.11) was used 
to confirm the oxidation states of the elements. The binding energies observed for CdS and Cu2O 
agreed with that previously reported.
8,12,19  
The band gaps determined from the Kubelka Munck in the UV Vis data (Figure 3.12) 
showed that the presence of Cu2O red shifted the absorbance to the visible region. A band edge 
at 2.0 eV was observed for Cu2O which agrees with previous reports.
20
 In the CdS/Cu2O/TiO2 
composite, this band edge was shifted even further into the visible range to 1.5 eV. This structure 
showed promise for use as a photocatalyst that can absorb in the visible light region.  
The photocurrent under light irradiation was measured and is shown in Figure 3.13. There 
was minimal photocurrent in comparison to the current observed in the dark. However, there was 
more cathodic current observed in this CdS/Cu2O/TiO2 composite in comparison to the 
CdS/TiO2 composite. This cathodic current is due to the presence of the p-type semiconductor 
Cu2O. The p-type behavior was not observed in the CdS/TiO2 composite because both 
components are n-type semiconductors. Also, most of the current observed was due to oxidative 
current which is likely due to the oxidation of the Cu2O component. Cu2O is readily oxidized to 
CuO at 0.5 V.
20
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There was an attempt to generate hydrogen gas on the CdS/Cu2O/TiO2 particles. Figure 3.14 
shows the hydrogen gas generated in the presence of the sacrificial reagent 0.035 M Na2S/0.025 
M Na2SO3. There was a steady increase in hydrogen gas generation over time. A maximum of 
1750 µmol of hydrogen was generated over 5 h.  
 
3.4. Conclusions 
 
CdS particles with varying shapes, such as dendrites, flowers, and multipods, were 
synthesized by varying hydrothermal conditions. The addition of TiO2 as a protective coating on 
the CdS particles prevented photodegradation. There was enhanced photocurrent densities 
observed for the CdS/TiO2 construct in comparison to the CdS particles only. A p-n 
heterojunction was formed between CdS and Cu2O. The presence of Cu2O shifted the absorbance 
to longer wavelengths thus more visible light absorption. Also cathodic current due to the Cu2O 
was observed. Although the TiO2 and Cu2O protected the CdS, photodegradation was still 
observed. This degradation was due to the non-uniform coverage of the particles. Improvements 
on the synthesis method are necessary for achieving better coverage. The CdS protected particles 
with TiO2 and Cu2O showed potential for generating hydrogen gas.  
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3.5. Figures 
 
Figure 3.1. Powder X-ray diffraction patterns of (i) CdS and (ii) CdS/TiO2 for the (a) dendrites, 
(b) flowers, and (c) multipods showing (d) JCPDS line match CdS (red, solid line) and TiO2 
(blue, dash line). 
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Figure 3.2. SEM micrographs illustrating morphologies of (i) CdS and (ii) CdS/TiO2 for the (a) 
dendrites, (b) flowers, and (c) multipods with the EDX pattern. 
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Figure 3.3. XPS of (i) CdS and (ii) CdS/TiO2 for the (a) dendrites, (b) flowers, and (c) 
multipods. 
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Figure 3.4. Diffuse reflectance spectra and Tauc plot for CdS (a,b) and CdS/TiO2 (c,d). 
Dendrites (purple, solid line), flowers (red, dash line), and multipods (green, dot line).  
 
Figure 3.5. Images of working electrode showing colors of (i) CdS and (ii) CdS/TiO2 for the (a) 
dendrites, (b) flowers and (c) multipods. 
78 
 
 
 
Figure 3.6. Current density-voltage curves under chopped illumination (0.20 Hz) in 0.1 M 
Na2SO4 (pH 6) for (a) dendrites, (b) flowers, and (c) multipods of CdS and CdS/TiO2. 
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Figure 3.7. Hydrogen evolution using CdS/TiO2 multipods. Reaction solution: 500 mL of 0.035 
M Na2S/0.025 M Na2SO3. Light source: 450 W Hg lamp. 
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Figure 3.8. Powder X-ray diffraction pattern of (a) CdS, (b) Cu2O, (c) CdS/Cu2O, (d) TiO2, and 
(e) CdS/Cu2O/TiO2. 
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Figure 3.9. SEM micrographs showing morphology of (a) Cu2O, (b) TiO2, (c) CdS/Cu2O, and 
(d) CdS/Cu2O/TiO2. 
 
 
Figure 3.10. EDX of (a) CdS/Cu2O and (b) CdS/Cu2O/TiO2. 
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Figure 3.11. XPS of (a) CdS, (b) CdS/Cu2O, and (c) CdS/Cu2O/TiO2. 
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Figure 3.12. (a) Diffuse reflectance spectra, (b) Tauc plot determination of direct band gap 
energies, and (c) indirect band gap energies. CdS (green, solid line), Cu2O (blue, dot line), TiO2 
(black, dash), CdS/Cu2O (purple, dash dot line), and CdS/Cu2O/TiO2 (red, dash dot dot line). 
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Figure 3.13. Current density-voltage curves under chopped illumination (0.20 Hz) in 0.1 M 
Na2SO4 (pH 6) for CdS/Cu2O/TiO2.  
 
Figure 3.14. Hydrogen evolution using CdS/Cu2O/TiO2. Reaction solution: 500 mL of 0.035 M 
Na2S/0.025 M Na2SO3. Light source: 450 W Hg lamp. 
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Chapter 4: Electrocatalysts for Low Temperature Alcohol Oxidation in Fuel Cells  
Mo-V-O based Electrocatalysts for Low Temperature Alcohol Oxidation 
 
4.1. Introduction 
 
Alcohol fuel cells are widely studied electrochemical devices. These systems present 
advantages relative to those using H2 as a fuel due to the ease of storage, and high theoretical 
mass energy density of liquid alcohols. There is a growing interest in alcohol oxidation 
electrochemistry due to its role in renewable energy technologies.
1-4 
At present, the most active 
alcohol oxidation catalyst in acidic media is based on the precious metal Pt. However, it is 
accepted that Pt alone is not sufficient to oxidize alcohols at a reasonable rate due to poisoning 
by reaction intermediates such as CO.
5-7
 Also it is necessary to improve alcohol oxidation at low 
temperatures.
3
 Selective oxidation of hydrocarbons requires multifunctional catalysts that can 
simultaneously activate the C-H bonds, insert oxygen atoms, and prevent further oxidation of 
intermediates and products to COx.
8
  
Molybdenum-based oxides have been extensively researched for the selective oxidation of 
alkanes over several decades.
8-11
 Mo-V-(M)-O based catalysts have been utilized in oxidation 
reactions, such as benzene to maleic anhydride, acrolein to acrylic acid, and propane to acrylic 
acid.
10
 Selective alkane oxidation has been observed at elevated temperatures above 300 °C on 
these catalysts. Due to this relatively high reaction temperature, there is a low selectivity for the 
targeted products accompanied by the formation of many by-products.
10
 Also scale up is 
difficult, and economically unacceptable.
10
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Recently very efficient catalysts based on Mo-V-Te-Nb-O mixed oxides have been 
developed by Mitsubishi for the (amm)oxidation of propane.
12
 These catalysts have been shown 
to catalyze alkane oxidation, including oxidation of propane to acrylic acid, and oxidative 
dehydrogenation of ethane.
12
 These catalysts contain two phases which are necessary for 
obtaining high activity. These two phases, called M1 and M2, have orthorhombic and hexagonal 
structures respectively. The active phase of these catalysts has been proposed to be the M1 
phase, and the presence of the M2 phase was shown to improve the selectivity of the catalysts.
12 
This improvement in activity on Mo-V-Te-Nb-O has been attributed to bifunctional catalysis, in 
that the M1 phase catalyzes the oxidative dehydrogenation of propane to propene, and the M2 
phase subsequently catalyzes the oxidation of the propene.
12-15
  
There is interest in the development of catalysts that can catalytically oxidize cyclohexanol to 
a useful product such as adipic acid.
16-17
 Adipic acid is an important intermediate which is used 
mainly for the manufacture of nylon-6 and nylon-6,6 polymers, and also as a plasticizer and a 
food additive. It is produced industrially by the two-step oxidation of cyclohexane.
17
 Also 
cyclohexanol and cyclohexanone are used as solvents for lacquers and varnishes, stabilizers and 
homogenizers for soaps and synthetic detergent emulsions, and in the synthesis of insecticides, 
herbicides and pharmaceuticals.
17 
Presently, cyclohexanol oxidation to adipic acid can be 
achieved in the presence of nitric acid as the oxidant.
18
 This process poses environmental 
constraints, since nitric acid is a corrosive oxidizing agent which yields NOx effluents. Cleaner 
technologies are therefore necessary for the catalytic conversion. In most cases, alkane oxidation 
requires extreme conditions such as high pressure and temperatures. It is therefore necessary to 
develop new and efficient catalysts for oxidation at low temperatures. Currently, the catalytic 
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oxidation is not commercialized due to the low selectivity of the desired products with the 
presence of by-products that are difficult to separate.
10
 
This study examines the use of Mo-V-(Te,Nb)-O catalysts to perform low temperature 
electrooxidation of cyclohexanol. Hydrothermal conditions were used in the synthesis of the Mo-
V-(Te,Nb)-O based catalyst to facilitate the isolation of the single pure orthorhombic M1 phase. 
The effect on the cyclohexanol catalytic oxidation activity by metal substitution of Nb and Te, is 
also investigated. The efficiency of alcohol oxidation by the catalyst is based on the nature of the 
oxidative products formed upon electrooxidation.  
 
4.2. Experimental 
4.2.1. Catalyst Preparation 
 
The Mo-V-O based electrocatalyst was synthesized hydrothermally and adapted from that 
reported by Ueda, et al.
9 
Ammonium heptamolybdate (NH4)6Mo7O24.4H2O (Sigma Aldrich, 1.0 
g) and vanadyl sulfate VOSO4.nH2O (Sigma Aldrich, 0.5 g) were dissolved separately in 10 mL 
water (Milli-Q, Millipore, 18 Ω) while stirring. The separate mixtures were then combined in one 
beaker. The solution was quickly transferred to a Teflon-lined stainless steel autoclave (Parr 
Instruments). The hydrothermal reaction was carried out while stirring at 175 °C for 48 h. The 
black solid obtained was separated by centrifugation, washed with water, and then dried under 
vacuum at 80 °C for 12 h. The precursor was calcined under nitrogen flow (50 ml/min) at 575 °C 
for 2 h to obtain the final product. 
Mo-V-Te-O and Mo-V-Te-Nb-O electrocatalysts were similarly prepared hydrothermally. 
Ammonium heptamolybdate (NH4)6Mo7O24.4H2O (Sigma Aldrich, 1 g), vanadyl sulfate 
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VOSO4.nH2O (Sigma Aldrich, 0.5 g) and niobium (V) oxide Nb2O5 (Sigma Aldrich, 0.5 g) 
and/or tellurium dioxide TeO2 (Sigma Aldrich, 0.5 g) were dissolved separately in 5 mL water 
(Milli-Q, Millipore, 18 Ω) while stirring. The separate mixtures were then combined in one 
beaker. The solution was quickly transferred to a Teflon-lined stainless steel autoclave (Parr 
Instruments). The hydrothermal reaction was carried out while stirring at 175 °C for 72 h. The 
product was separated and calcined under nitrogen flow at 400 °C for Mo-V-Te-O and Mo-V-
Te-Nb-O.  
Etek-Platinum (10 wt% Pt on activated carbon, Sigma Aldrich) was used as obtained. Studies 
on Etek-Pt were conducted in order to compare that on the Mo-V-(M)-O based materials.  
 
4.2.2. Catalyst Characterization 
 
Powder X-ray diffraction (XRD) measurements were collected with a Siemens 
Diffractometer D5000 using Cu Kα radiation operated at 40 kV and 30 mA. The powder pattern 
and the crystal phases of the products were analyzed using the Jade software package and 
matched to a JCPDS file. Rietveld refinement method was used to determine the crystallite sizes 
and phases. Scanning electron micrographs (SEM) were collected to determine the morphology 
using a Hitachi S4700 operated at 10 kV and 10 µA equipped with energy dispersive x-ray 
(EDX) for qualitative elemental analysis. The samples were dispersed on carbon tape (Ted Pella 
Inc.) mounted on an aluminum stage, and then sputter coated with a thin layer of Au/Pd alloy. X-
ray photoelectron spectroscopy (XPS) was collected with a Kratos Axis ULTRA employing a 
Mg anode.  
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4.2.3. Catalyst Activity Testing 
 
The electrochemical activity of the catalysts was evaluated by preparing an ink of the catalyst 
supported on Vulcan XC-72. An ink containing the Vulcan XC-72 (Cabot, 8 mg), the catalyst (2 
mg), and Nafion (Sigma Aldrich, 10 µL) in Milli-Q water (2 mL) was prepared by 
ultrasonication (Branson 2510). The ink (20 µL) was drop casted on a glassy carbon electrode 
(0.196 cm
2
) to give a catalyst loading of 0.510 mg/cm
2 
and allowed to air dry before use. The 
Etek-Pt ink was prepared by mixing Etek-Pt (Sigma Aldrich, 5 mg) and Nafion (5 µL) in Milli-Q 
water (1 mL). 20 µL of this ink was drop casted on the glassy carbon electrode to give a Pt 
loading of 0.510 mg/cm
2 
and allowed to air dry before use. 
 Electrochemical measurements were performed using a CHI 760C potentiostat (CH 
Instruments). A conventional three electrode cell was used, comprising the catalyst on the glassy 
carbon electrode as the working electrode, a “no leak” Ag/AgCl (Dynex) as the reference 
electrode isolated by a Luggin capillary, and platinum gauze as the counter electrode separated 
by a glass frit. Electrochemical experiments were carried out in 0.5 M H2SO4 electrolyte and 
potentials were reported relative to Ag/AgCl. The alcohol oxidation activity was studied in a 
solution of 0.15 M cyclohexanol (C6H11OH, Sigma Aldrich) in 0.5 M H2SO4 supporting 
electrolyte. The electrochemical cell was placed in a water bath maintained at constant 
temperatures ranging from 25 °C to 60 °C. The electrolyte was purged with argon gas (Ar) 
before measurements, and a positive Ar pressure was maintained over the solution during 
experiments. Chronoamperometric studies were used to evaluate the long term performance of 
the catalysts. The supernatant was collected after the experiments. Gas chromotagraphy-mass 
spectrometry (GCMS) analysis of the supernatant was used to determine the oxidative products. 
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GCMS was conducted on Agilent 7890A GC equipped with a 30 m HP-Plot Q column and 
Waters GCT Premier MS.  
 
4.3. Results 
4.3.1. Characterization 
4.3.1.1. Mo-V-O Electrocatalyst 
 
Figure 4.1 shows the powder X-ray diffraction data of the material obtained before (Figure 
4.1a) and after (Figure 4.1b) calcination. The diffraction pattern of the material prior to 
calcination was indexed to (V0.07Mo0.93)5O14 (JCPDS 00-031-1437) with a tetragonal structure.
19
 
The characteristic peak at 2θ ~ 22.2° associated with a Mo5O14 type structure
20
 was observed in 
this pattern. After calcination, there were structural changes to yield a triclinic Mo0.97V0.95O5 
(JCPDS 00-050-0535)
21
 product. This product is consistent with that first determined by 
Plyasova et al.
21 
 
Before calcination the hydrothermal synthesis product exhibits a Mo5O14 structure.  
However, calcination changes the structure to one similar to V2O5. The interatomic distances of 
the calcined material are close to those found in V-Mo compounds following isomorphous 
replacement of Mo
6+
 by V
5+
.
8  
V substitution after secondary heat treatment was also observed to 
transform the structure to a V-substituted Mo5O14 type variant.
22
 XPS (Figure 4.6) shows that the 
V/Mo ratio increases following calcination.  The origin of this increase may be decomposition of 
the starting reagent (NH4)6Mo7O24.4H2O to MoO3 at 500 °C,
19 
which may be removed from the 
calcined product. 
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Figure 4.1 shows that calcination improved the crystallinity of the material as evidenced in 
the sharper, well defined peaks observed in the material after calcination. The crystallite size 
following calcination determined by Rietveld refinement was 34.3 nm.  
 
4.3.1.2. Mo-V-Te-O Electrocatalyst 
 
We also investigated the effect of Te addition on the catalytic activity of the Mo-V-O 
materials.  Figure 4.2 shows the powder X-ray diffraction data of the hydrothermal synthesis 
product obtained before calcination and the material obtained after calcination. The precursor 
was a mixture of unreacted TeO2, V4O9 and Mo4O11. Calcination completed the reaction and 
TeO0.33Mo0.75V0.25Ox was obtained. The diffraction pattern of the material after calcination was 
indexed to TeO0.33Mo0.75V0.25Ox (JCPDS 00-055-0700) with an orthorhombic structure.
23
 The 
crystallite size following calcination determined by Rietveld refinement was 38.5nm. 
 
4.3.1.3. Mo-V-Te-Nb-O Electrocatalyst 
 
The mixed oxide Mo-V-Te-Nb-O has been commercialized by Mitsubishi for the catalytic 
propane oxidation.
23
 Therefore we investigated the activity of this material in order to possibly 
enhance the catalytic activity for alcohol oxidation. Figure 4.3 shows the powder X-ray 
diffraction data of the hydrothermal synthesis product obtained before calcination and the 
material obtained after calcination. The precursor was a mixture of unreacted (Mo0.3V0.7)2O5, 
TeO2 and Nb2O5. Calcination completed the reaction and (TeO)0.39(Mo3.52V1.06Nb0.42)O14 was 
obtained. The diffraction pattern of the material after calcination was indexed to 
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(TeO)0.39(Mo3.52V1.06Nb0.42)O14 (JCPDS 00-058-0789) with an orthorhombic structure.
24 
The 
crystallite size following calcination determined by Rietveld refinement was 26.3 nm.  
There was an attempt to synthesize the Mo-V-Nb-O catalyst. However a pure phase was not 
isolated (Figure 4.4). 
 
4.3.1.4. Morphology of Electrocatalysts 
 
Figure 4.5 shows representative SEM images of the products Mo0.97V0.95O5, 
TeO0.33Mo0.75V0.25Ox, and (TeO)0.39(Mo3.52V1.06Nb0.42)O14. The images show rod-shaped or 
needle like crystallites about 15 µm in length.  The rod-shaped crystallites were consistent with 
shapes previously observed in Mo-V-O
9
 and Mo-V-M-O oxides.
25 
XPS analysis was also used to confirm the elemental composition and oxidation states 
(Figures 4.6, 4.7, and 4.8). 
  
4.3.2. Cyclic Voltammetry and Chronoamperometry  
4.3.2.1. Mo-V-O Voltammetry 
 
Figure 4.9a shows first cycle cyclic voltammetry (CVs) for Mo0.97V0.95O5 supported on 
Vulcan XC-72 in 0.5 M H2SO4 obtained at a scan rate of 10 mVs
-1
 at different temperatures. The 
voltammetry exhibited slight inconsistencies due to variation in the preparation of the ink. The 
voltammetry at 25 °C (black line) exhibited features associated with the Mo (IV/VI) redox 
couple around 0.6 V and the V (IV/V) couple around 1.0 V.  As the temperature was increased, 
the Mo and V couples became less pronounced and features associated with hydrogen evolution 
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around 0 V and nascent oxygen evolution around 1.3 V were observed.  These same features can 
be seen in voltammetry obtained from Vulcan XC-72 alone (Figure 4.9c).   
Addition of 0.15 M cyclohexanol to the solution yielded different features in the voltammetry 
obtained from the Mo0.97V0.95O5 based electrode.  As shown in Figure 4.9b, there was a well-
defined oxidative feature found at ca. 1.1 V which increased in intensity as the temperature 
approached 60 °C. The increase in activity at higher temperatures was in contrast to that seen in 
Figure 4.9a without added cyclohexanol where the current density in this region is some 2.5 
mA/cm
2
 less.   Also by way of contrast, Figure 4.9d shows the effect of added cyclohexanol on a 
bare Vulcan XC-72 electrode.  There were modest current densities (ca. 0.4 mA/cm
2
) at 1.1 V 
with the addition of cyclcohexanol on Vulcan XC-72. Studies at varying temperatures within the 
range (Figure 4.10) showed that the highest current densities were obtained at 60 °C. 
 
4.3.2.2. Mo-V-Te-O Voltammetry 
 
Figure 4.11a shows the first cycle CVs for TeO0.33Mo0.75V0.25Ox supported on Vulcan XC-72 
in 0.5 M H2SO4 obtained at a scan rate of 10 mVs
-1
.    At room temperature, features similar to 
those found for the Mo0.97V0.95O5 associated with the Mo (IV/VI) redox couple around 0.6 V 
were observed. However, the redox properties associated with V (IV/V) couple around 1.0 V 
was not observed. This could suggest that the V was stabilized by the presence of Te. Ueda et al., 
suggested that the presence of Te, displaces surface V.
11 
From the XPS analysis (Figure 4.7), Te 
addition resulted in a change in the V/Mo ratio from 0.33 for Mo0.97 V0.95O5 to 0.28 for 
TeO0.33Mo0.75V0.25Ox. This showed that there was a decrease in the amount of surface vanadium. 
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Figure 4.11b shows the first cycle CVs for TeO0.33Mo0.75V0.25Ox supported on Vulcan XC-72 
in 0.5 M H2SO4 / 0.15 M C6H11OH obtained at a scan rate of 10 mVs
-1
.  Features, associated 
with the Mo (IV/VI) redox couple around 0.6 V, were not observed. However, the feature 
associated with Te (IV/VI) redox couple was observed. The presence of Te could affect the 
oxidation of the other Mo and V components. It has been shown that the presence of Nb
5+
 
changed the oxidation state of Mo
6+
 to form Mo
5+
.
26-27
 Thus a similar effect may occur in the 
presence of Te. Studies at varying temperatures within the range (Figure 4.12) showed that the 
highest current densities were obtained at 60 °C. 
 
4.3.2.3. Mo-V-Te-Nb-O Voltammetry 
 
Figure 4.13a shows first cycle CVs for (TeO)0.39(Mo3.52V1.06Nb0.42)O14 supported on Vulcan 
XC-72 in 0.5 M H2SO4 obtained at a scan rate of 10 mVs
-1
.    At room temperature features 
similar to those found for the Mo0.97V0.95O5 associated with the Mo (IV/VI) redox couple around 
0.6 V were observed. However, the redox properties associated with V (IV/V) couple around 1.0 
V was not observed. This could suggest that the V was stabilized by the presence of Te and Nb.  
Figure 4.13b shows first cycle CVs for (TeO)0.39(Mo3.52V1.06Nb0.42)O14 supported on Vulcan 
XC-72 in 0.5 M H2SO4 / 0.15 M C6H11OH obtained at a scan rate of 10 mVs
-1
.  Features 
associated with the Mo (IV/VI) redox couple around 0.6 V were not observed. The current 
density increased with increasing temperature. The overall oxidative current densities on 
(TeO)0.39(Mo3.52V1.06Nb0.42)O14  were higher than that on Mo0.97V0.95O5 and TeO0.33Mo0.75V0.25Ox. 
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4.3.2.4. Stability Studies 
 
Figure 4.14 compares the stability of the electrocatalysts. Mo-V-O was unstable and from 
cycle 1 to cycle 2 there was a decrease in current density. Also the redox couple feature at 0.6 V 
was not observed for cycle 2. This may indicate that the catalyst degraded. However, Mo-V-Te-
O and Mo-V-Te-Nb-O were more stable than Mo-V-O. Although there was a decrease in current 
densities, the redox couple feature at 0.6 V still occurred for Mo-V-Te-O and Mo-V-Te-Nb-O. 
The oxidative current density increase trend was Mo-V-O < Mo-V-Te-O < Mo-V-Te-Nb-O. This 
trend may indicate that the possible oxidative products of cyclohexanol may differ on the 
different electrocatalysts.  
To determine the stability, chronoamperometric measurements were carried out for Mo-V-O, 
Mo-V-Te-O and Mo-V-Te-Nb-O at 0.7 V vs Ag/AgCl as shown in Figures 4.15a, 4.15b and 
4.15c respectively. The curves showed exponential current decay. The electrocatalysts supported 
on Vulcan XC-72 showed better performance for oxidation than that on Vulcan XC-72 control. 
There was a decrease in the current density to a steady state current over time. 
Chronoamperometric studies at 0.2 V was also conducted to compare to that at 0.7 V. The 
chronoamperometric studies at 0.2 V confirmed that cyclohexanol was oxidized at higher anodic 
potentials.  
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4.3.3. GCMS Analysis to Determine Products 
4.3.3.1. Mo-V-O Electrocatalyst 
 
Figure 4.16 shows the mass spectra for Mo-V-O supported on Vulcan XC-72 after cyclic 
voltammetry. The peak with 100 m/z in the blank corresponds to cyclohexanol (Figure 4.25). At 
the lower temperatures of 25 °C, the cyclohexanol peak was present. At 60 °C, the peak with 98 
m/z matched that of cyclohexanone (Figure 4.26).The solutions after cyclic voltammetry for 
Vulcan XC-72 in 0.5 M H2SO4/0.15 M C6H11OH were also analyzed by GCMS (Figure 
4.17).The peak with 100 m/z corresponding to that of cyclohexanol (Figure 4.25) was observed 
at all the varying temperatures. Vulcan XC-72 did not oxidize the cyclohexanol, since the 
cyclohexanol peak remained unchanged at all the varying temperatures.  
Figure 4.18 shows the mass spectra after chronoamperometric studies for Mo-V-O supported 
on Vulcan XC-72 compared to that of the Vulcan XC-72 control at 0.7 V at 60 °C. At the higher 
temperatures, cyclohexanol was oxidized to cyclohexanone on the Mo-V-O material but not on 
the Vulcan XC-72. Similar studies conducted at 0.2 V showed that cyclohexanol was not 
oxidized, and the cyclohexanol peak with 100 m/z was observed at all the different temperatures 
(Figure 4.19). The presence of cyclohexanol after studies at 0.2 V confirmed that the onset of 
oxidative activity occurred at higher anodic potentials as observed in the cyclic voltammetry. 
Similarly, the chronoamperometric studies were conducted for Vulcan XC-72 under the same 
conditions. Cyclohexanol was not oxidized at 0.2 V or at 0.7 V at 60 °C on Vulcan XC-72 
(Figure 4.20), proving that the Mo-V-O material promoted the alcohol oxidation.  
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4.3.3.2. Mo-V-Te-O Electrocatalyst 
 
 Figure 4.21 shows the mass spectra from the Mo-V-Te-O material supported on Vulcan XC-
72 following cyclic voltammetry and chronoamperometry studies. Table 1 reports the presence 
of a peak with 98 m/z, corresponding to cyclohexanone (Figure 4.22), showing that cyclohexanol 
was oxidized. Additionally, a peak with 82 m/z shown in Figure 4.21, corresponding to 
cyclohexene (Figure 4.27) was observed. Figures 4.21b and 4.21c show the products obtained 
after chronoamperometry studies at 0.7 V on Mo-V-Te-O supported on Vulcan XC-72. As in the 
voltammetric studies, cyclohexene was observed as the product at 25 °C and 60 °C. Cyclohexene 
was not observed as a product from Mo-V-O. This additional cyclohexene product may be the 
origin of the higher anodic current densities seen for Mo-V-Te-O relative to Mo-V-O.  GCMS 
obtained from a Vulcan XC-72 sample absent the Mo-V-Te-O material does not evince the 
cyclohexene product.  
 
4.3.3.3. Mo-V-Te-Nb-O Electrocatalyst 
 
Figure 4.23 shows the mass spectra for Mo-V-Te-Nb-O supported on Vulcan XC-72 
following cyclic voltammetry and chronoamperometry studies. The peak with 82 m/z 
corresponded to cyclohexene (Figure 4.27). Following cyclic voltammetry at 25 °C (Figure 
4.23a) and at 60 °C (Figure 4.23b), the dehydrogenation of cyclohexanol to cyclohexene 
occurred. The different oxidative product on Mo-V-Te-Nb-O in comparison to the other catalysts 
confirmed that a higher current density for Mo-V-Te-Nb-O electrocatalyst indicated a higher 
catalytic activity compared to the other catalysts. Figures 4.23c and 4.23d show the mass spectra 
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after chronoamperometric studies for Mo-V-Te-Nb-O supported on Vulcan XC-72 at 0.7 V at 25 
°C and 60 °C respectively. Cyclohexene was also obtained as the oxidation product after 
chronoamperometry studies on Mo-V-Te-Nb-O supported on Vulcan XC-72.  
Figure 4.24 shows the mass spectra for another oxidation product obtained for Mo-V-Te-Nb-
O supported on Vulcan XC-72 after cyclic voltammetry. There was also a peak with 147 m/z 
corresponding to adipic acid (Figure 4.28). This adipic acid product was in trace amounts 
compared to the cyclohexene. The adipic acid product was not obtained for Mo-V-O or Mo-V-
Te-O. The presence of the adipic acid was an indication of C-C bond cleavage thus lending 
further support that Mo-V-Te-Nb-O could be a better electrocatalyst exhibiting enhanced 
catalytic activity based on the higher current densities observed.  
 
4.4. Discussion 
4.4.1. Synthesis of M1 Phase of Mo-V-(M)-O Materials 
 
Hydrothermal conditions utilized in this synthesis were necessary for the complete 
rearrangement of the reactants in order to ensure that phase pure materials were obtained.
26 
Many 
variants of the Mo-V-O system have been reported.
9-11,22
 However the products from the 
hydrothermal approach used here were matched to Mo0.97V0.95O5 (JCPDS 00-050-0535)
21
 with a 
triclinic unit cell, TeO0.33Mo0.75V0.25Ox  (JCPDS 00-055-0700)
23
 with an orthorhombic unit cell, 
and  (TeO)0.39(Mo3.52V1.06Nb0.42)O14 (JCPDS 00-058-0789)
24
 with an orthorhombic unit cell. The 
orthorhombic structure in these Mo-V-(M)-O systems correspond to the M1 phase which has 
been previously shown to be the active phase for the high temperature alkane oxidation 
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reactions.
12  
Therefore, similar activity was observed on these M1 phases for electrooxidation of 
cyclohexanol. 
 
4.4.2. Cyclic Voltammetry 
 
The electrocatalytic activity for alcohol oxidation was investigated by cyclic voltammetry 
studies. At room temperature, the observed oxidative current was minimal. However, when the 
temperature was increased to 60 °C, there was an increase in current densities. The increased 
current densities at higher temperature suggested higher reactivity.  In heterogeneous gas phase 
measurements, these Mo-V-O based catalysts were found to be substantially more active at high 
temperature (> 300 °C) relative to room temperature.  The origin of this increased activity at 
higher temperatures was associated in gas phase with the nature of the acidic sites on the 
surface.
16 
In this study, the Mo-V-O materials used in the electrooxidation of the alcohols 
exhibited a turn-on mechanism presumably similar to that found with the heterogeneous gas 
phase system. However, the aqueous system used here obviated using the higher temperatures 
associated with optimal reactivity in gas phase. The onset of alcohol oxidative current was 
observed at 0.6 V, 0.4 V and 0.3 V vs Ag/AgCl for Mo-V-O, Mo-V-Te-O and Mo-V-Te-Nb-O 
respectively. This cathodic shift in the onset potential accounts for the trend in activity: Mo-V-O 
< Mo-V-Te-O < Mo-V-Te-Nb-O, which was similar to that observed in gas phase.
16 
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4.4.3. Stability 
 
The stability of the catalysts was determined by using cyclic voltammetry cycling and 
chronoamperometric studies. Mo-V-Te-O and Mo-V-Te-Nb-O were more stable than Mo-V-O. 
Mo-V-Te-Nb-O was the most stable with the minimal decrease in overall current density 
following cycling.  In gas phase work, the presence of Nb was associated with stabilization of the 
Mo5O14 system.
28
 This trend in stability and activity indicated that the oxidative products of 
cyclohexanol may differ for the different electrocatalysts. A steady state current was observed at 
the onset of oxidative current.  
 
4.4.4. Reactivity 
  
GCMS of the supernatant, 0.5 M H2SO4/0.15 M C6H11OH, following either cycling 
voltammetry or chronoamperometry showed that cyclohexanol was oxidized to other products on 
the catalysts studied here. The most common products were cyclohexanone or cyclohexene.  
Cyclohexanone was obtained as a product of cyclohexanol oxidation at 60 °C on Mo-V-O and 
Mo-V-Te-O. The oxidation of cyclohexanol to cyclohexanone most likely occurred through an 
oxidative dehydrogenation mechanism.
17,29 
The cyclohexanone product was not obtained at 25 
°C on these materials, since the cyclohexanol remained unchanged in the supernatant solution.  
Cyclohexene was obtained after oxidation on Mo-V-Te-O and Mo-V-Te-Nb-O. Interestingly, 
adipic acid was observed following oxidation on Mo-V-Te-Nb-O.  This observation showed that 
the Mo-V-Te-Nb-O was competent at least in part for C-C bond cleavage. This is the first non-Pt 
containing electrocatalyst to exhibit this electrochemical reactivity.   
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The activity of Mo-V-(M)-O for heterogeneous gas phase catalysis has been attributed to the 
symbiosis between the two phases M1 and M2,
29
 site isolation in a single optimum M1 
composition,
30 
and the nature of the acid sites (Lewis and Bronsted) on the surface of the 
catalyst.
16,31-33 
Presumably, similar mechanisms can be used to explain the activity observed in 
this study. In this study, cyclohexanol was oxidized to cyclohexanone, but further oxidation did 
not occur on Mo-V-O. In Mo-V-O, the V
5+
 catalytic sites may not be spatially separated. The 
simultaneous presence of two V
5+
 sites may lead to further oxidation of the intermediates formed 
to products such as CO2 before it can desorb or transfer to another site for oxidation to another 
product.
34
 However, there was no evidence that further oxidation products are being formed in 
the electrochemical case. Mo0.97V0.95O5 exhibited relatively low catalytic activity, and was also 
unstable.  
The presence of Te
4+
 improved the activity on Mo-V-Te-O and Mo-V-Te-Nb-O in 
comparison to that on Mo-V-O. Te
4+
 is an α-hydrogen withdrawing group,16,35-37 and its presence 
provided an explanation for the observation of  dehydrogenation activity  to  form cyclohexene 
on Mo-V-Te-O and Mo-V-Te-Nb-O. Also the presence of Te in the lattice provided new sites for 
oxyhydrogenation and suppressed sites responsible for total oxidation.
12  
Mo-V-Te-Nb-O has been reported as the most active and selective catalyst for heterogeneous 
alkane oxidation.
26,38-40 
In this material, Nb played two vital roles: (i) it stabilized the overall 
structure
28
 and (ii) it spatially separated the active catalytic centers.
34,41-42 
In this study on the 
Mo-V-Te-Nb-O electrocatalyst, the cyclohexanone or cyclohexene formed at one catalytic site 
may migrate to another site, and be further oxidized to adipic acid. However, on the Mo-V-O and 
Mo-V-Te-O, the intermediates likely desorbed before further oxidation to adipic acid could 
occur. This desorption is a major difficulty also encountered in the oxidation of hydrocarbons to 
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carboxylic acids. The catalyst has to perform dual functions of dehydrogenating the starting 
hydrocarbon while at the same time minimizing or eliminating desorption of the unsaturated 
intermediate alkene.
43 
The trend in activity: Mo-V-O < Mo-V-Te-O < Mo-V-Te-Nb-O, was 
consistent with the oxidative behavior found here.  
 
4.4.5. Comparison to Platinum (Pt) 
 
The activity of the Mo-V-(M)-O materials was compared with that found on a more active 
electrocatalyst such as ETEK-Pt.  The oxidation of cyclohexanol by ETEK-Pt (Figure 4.29) was 
studied to compare the reactivity of the Mo-V-(M)-O electrocatalysts. Two significant oxidation 
peaks were observed in the voltammetry obtained from a solution containing 0.5M H2SO4/0.15 
M C6H11OH at 60 °C: (i) a broad peak at 0.8 V vs Ag/AgCl on the anodic scan and (ii) a sharp 
peak at 0.2 V vs Ag/AgCl on the reverse scan, consistent with prior reports.
44
 These peaks are 
attributed to cyclohexanol oxidation and carbonaceous residue oxidation respectively.
45 
Chronoamperometry from the Pt electrode in the presence of cyclohexanol yielded a current 
density at 1000 s with an order of magnitude higher than the best case for the Mo-V-(M)-O 
materials. Additionally, GCMS studies of the supernatant above the Etek-Pt catalyst revealed 
none of the intermediates found with the Mo-V-(M)-O materials.  We suggest that the ultimate 
product here is CO2 which would not be observed by the current GCMS technique.  Thus, Pt 
remains substantially more active relative to the oxides interrogated here.  Nonetheless, the 
observation of C-C bond cleavage activity absent a precious metal was significant. 
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4.5. Conclusions 
 
There are three main results from this work.  First, we examined the voltammetry and 
reactivity of a series of Mo-V-(M)-O materials which have hitherto shown oxidative activity in 
gas phase.  Voltammetric stability of the Mo-V-(M)-O materials, grown as thin films on Vulcan 
XC-72, increased with the addition of Te or Nb.  We found that Mo0.97V0.95O5, 
TeO0.33Mo0.75V0.25Ox and (TeO)0.39(Mo3.52V1.06Nb0.42)O14 were all active for the cyclohexanol 
electrooxidation, especially at modestly elevated temperatures of 60 °C. Mo0.97V0.95O5, and 
TeO0.33Mo0.75V0.25Ox yielded cyclohexanone. TeO0.33Mo0.75V0.25Ox and 
(TeO)0.39(Mo3.52V1.06Nb0.42)O14 yielded cyclohexene. Adipic acid was found from the Nb-
containing catalyst (TeO)0.39(Mo3.52V1.06Nb0.42)O14. The trend in activity agreed with that found 
in gas phase, suggesting that similar mechanisms were operative. While Pt remains a more stable 
and active catalyst relative to Mo-V-(M)-O, the present work showed that these interesting 
materials might potentially be utilized as a catalyst in complex alcohol fuel cell technologies. 
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4.6. Figures 
 
Figure 4.1. Powder X-ray diffraction patterns for (a) before calcination and (b) after calcination 
under nitrogen flow showing the JCPDS line match. Powder patterns matched to (a) 
(V0.07Mo0.93)5O14 (blue) and (b) Mo0.97V0.95O5 (red). 
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Figure 4.2. Powder X-ray diffraction patterns for (a) before calcination and (b) after calcination 
under nitrogen flow showing the JCPDS line match. Powder patterns matched to (a) a reaction 
mixture of TeO2 (green), V4O9 (purple) and Mo4O11 (blue) and (b) TeO0.33Mo0.75V0.25Ox (red). 
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Figure 4.3. Powder X-ray diffraction patterns for (a) before calcination and (b) after calcination 
under nitrogen flow showing the JCPDS line match. Powder patterns matched to (a) a reaction 
mixture of (Mo0.3V0.7)2O5 (blue), TeO2 (green), Nb2O5 (purple) and (b) 
(TeO)0.39(Mo3.52V1.06Nb0.42)O14 (red). 
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Figure 4.4. Powder X-ray diffraction patterns for (a) before calcination and (b) after calcination 
under nitrogen flow showing the JCPDS line match. Powder patterns matched to (a) a reaction 
mixture of Mo0.9V1.1O5 (blue), NbVO4 (green) and (b) (Mo0.6Nb0.22V0.18)5O14 (red) and Nb2O5 
(purple).  
 
 
 
Figure 4.5. SEM micrographs illustrating the morphology of the calcined (a) Mo0.97 V0.95O5, (b) 
TeO0.33Mo0.75V0.25Ox and (c) (TeO)0.39(Mo3.52V1.06Nb0.42)O14. 
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Figure 4.6. XPS (a) before calcination and (b) after calcination under nitrogen flow 
Mo0.97V0.95O5 showing Mo3d, V2p and O1s photopeaks. 
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Figure 4.7. XPS (a) before calcination and (b) after calcination under nitrogen flow 
TeO0.33Mo0.75V0.25Ox (b) showing Mo3d, V2p, Te3d and O1s photopeaks. 
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Figure 4.8. XPS (a) before calcination and after (b) calcination under nitrogen flow 
(TeO)0.39(Mo3.52V1.06Nb0.42)O14 showing Mo3d, V2p, Te3d, Nb3d and O1s photopeaks. 
 
114 
 
 
Figure 4.9. Cyclic voltammetry curves of (a) Mo-V-O/Vulcan XC-72 in 0.5 M H2SO4, (b) Mo-
V-O /Vulcan XC-72 in 0.5 M H2SO4/0.15 M C6H11OH, (c) Vulcan XC-72 in 0.5 M H2SO4 and 
(d) Vulcan XC-72  in 0.5 M H2SO4/0.15 M C6H11OH at different temperatures 25 °C (black, 
solid line), and 60 °C (blue, dash line). Scan rate 10 mVs
-1
. 
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Figure 4.10. Cyclic voltammetry curves of (a) Mo-V-O/Vulcan XC-72 in 0.5 M H2SO4, (b) Mo-
V-O /Vulcan XC-72 in 0.5 M H2SO4/0.15 M C6H11OH, (c) Vulcan XC-72 in 0.5 M H2SO4 and 
(d) Vulcan XC-72  in 0.5 M H2SO4/0.15 M C6H11OH at different temperatures 25 °C (black), 40 
°C (red), 50 °C (green) and 60 °C (blue). Scan rate 10 mVs
-1
. 
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Figure 4.11. Cyclic voltammetry curves of Mo-V-Te-O/Vulcan XC-72 in (a) 0.5 M H2SO4 and 
(b) 0.5 M H2SO4/0.15 M C6H11OH at different temperatures 25 °C (black, solid line), and 60 °C 
(blue, dash line). Scan rate 10 mVs
-1
. 
 
 
Figure 4.12. Cyclic voltammetry curves of Mo-V-Te-O/Vulcan XC-72 in (a) 0.5 M H2SO4 and 
(b) 0.5 M H2SO4/0.15 M C6H11OH at different temperatures 25 °C (black), 40 °C (red), 50 °C 
(green) and 60 °C (blue). Scan rate 10 mVs
-1
. 
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Figure 4.13. Cyclic voltammetry curves of Mo-V-Te-Nb-O/Vulcan XC-72 in (a) 0.5 M H2SO4 
and (b) 0.5 M H2SO4/0.15 M C6H11OH at different temperatures 25 °C (black, solid line), and 60 
°C (blue, dash line). Scan rate 10 mVs
-1
. 
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Figure 4.14. Cyclic voltammetry curves in 0.5 M H2SO4/0.15 M C6H11OH showing cycling on 
Mo-V-O/Vulcan XC-72 (a,b), Mo-V-Te-O/Vulcan XC-72 (c,d) and Mo-V-Te-Nb-O/Vulcan XC-
72 (e,f) at 25 °C (black) and 60 °C (blue). Cycle 1 (solid line) Cycle 2 (dash line) Scan rate 10 
mVs
-1
. 
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Figure 4.15. Chronoamperometric curves at 0.7 V of (a) Mo-V-O/Vulcan XC-72, (b) Mo-V-Te-
O/ Vulcan XC-72 and (c) Mo-V-Te-Nb-O/Vulcan XC-72 in 0.5 M H2SO4/0.15 M C6H11OH at 
25 °C (black, solid line) and 60 °C (blue, dash line). 
 
 
Figure 4.16. GCMS analysis of (a) 0.5 M H2SO4/0.15 M C6H11OH blank and supernatant 
solutions after cyclic voltammetry studies in 0.5 M H2SO4/0.15 M C6H11OH for Mo-V-O 
/Vulcan XC-72 at (b) 25 °C and (c) 60 °C.  
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Figure 4.17. GCMS analysis of 0.5 M H2SO4/0.15 M C6H11OH blank (a,b) and supernatant 
solutions after cyclic voltammetry studies in 0.5 M H2SO4/0.15 M C6H11OH for Vulcan XC-72 
at 25 °C (c,d), 40 °C (e,f), 50 °C (g,h) and 60 °C (i,j) showing cyclohexanol with 100 m/z. 
 
 
Figure 4.18. GCMS analysis of supernatant solutions after chronoamperometric studies at 0.7 V 
at 60 °C in 0.5 M H2SO4/0.15 M C6H11OH for (a) Mo-V-O /Vulcan XC-72 and (b) Vulcan XC-
72.  
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Figure 4.19. GCMS analysis of supernatant solutions after chronoamperometric studies in 0.5 M 
H2SO4/0.15 M C6H11OH for of Mo0.97 V0.95O5/Vulcan XC-72  at 0.2 V at 25 °C (a,b) and 60 °C 
(c,d) showing cyclohexanol the peak with 100 m/z. 
 
Figure 4.20. GCMS analysis of supernatant solutions after chronoamperometric studies in 0.5 M 
H2SO4/0.15 M C6H11OH for Vulcan XC-72 at 0.2 V (a,b) and 0.7 V (c,d) at 60 °C showing 
cyclohexanol with 100 m/z.  
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Figure 4.21. GCMS analysis of supernatant solutions after cyclic voltammetry studies in 0.5 M 
H2SO4/0.15 M C6H11OH for (a) Mo-V-Te-O/Vulcan XC-72 at 60 °C and after 
chronoamperometric studies at (b) 25 °C and (c) 60 °C showing the cyclohexene peak with 82 
m/z. 
 
 
Figure 4.22. GCMS analysis of supernatant solutions after cyclic voltammetry studies in 0.5 M 
H2SO4/0.15 M C6H11OH for Mo-V-Te-O/Vulcan XC-72 at 60 °C showing the mass spectrum for 
cyclohexanone at 15.7 min and peak with 98 m/z. 
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Figure 4.23. GCMS analysis of supernatant solutions in 0.5 M H2SO4/0.15 M C6H11OH for Mo-
V-Te-Nb-O/Vulcan XC-72 after cyclic voltammetry studies at (a) 25 °C and at (b) 60 °C and 
after chronoamperometric studies at (c) 25 °C and at (d) 60 °C showing the cyclohexene peak 
with 82 m/z. 
 
Figure 4.24. GCMS analysis of supernatant solutions after cyclic voltammetry studies in 0.5 M 
H2SO4/0.15 M C6H11OH for Mo-V-Te-Nb-O/Vulcan XC-72 at (a) 25 °C and at (b) 60 °C 
showing the adipic acid peak with 147 m/z. 
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Figure 4.25. Mass spectrum of cyclohexanol. 
 
 
Figure 4.26. Mass spectrum of cyclohexanone. 
 
 
Figure 4.27. Mass spectrum of cyclohexene. 
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Figure 4.28. Mass spectrum of adipic acid. 
Figure 4.29. Cyclic voltammetry curves of ETEK-Pt in (a) 0.5 M H2SO4 and (b) 0.5 M 
H2SO4/0.15 M C6H11OH at 60 °C. Scan rate 10mVs
-1
. (c) Chronoamperometric curve of ETEK-
Pt at 0.7 V in 0.5 M H2SO4/0.15 M C6H11OH.  
 
4.7. Tables 
Table 4.1. Summary of GCMS Analysis Results. 
Material Cyclic Voltammetry Chronoamperometry 
 25 °C 60 °C 25 °C 60 °C 
Mo0.97V0.95O5 
 (Mo-V-O) 
cyclohexanol cyclohexanone cyclohexanol cyclohexanone 
TeO0.33Mo0.75V0.25Ox   
(Mo-V-Te-O) 
cyclohexanol cyclohexanone 
cyclohexene 
cyclohexene cyclohexene 
(TeO)0.39(Mo3.52V1.06Nb0.42)O14 
(Mo-V-Te-Nb-O) 
cyclohexene 
adipic acid 
cyclohexene 
adipic acid 
cyclohexene 
 
cyclohexene 
 
Vulcan XC-72 (control) cyclohexanol cyclohexanol cyclohexanol cyclohexanol 
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Chapter 5: Electrochemically Controlled Actuation in Polymers for Energy Storage 
Devices 
Electrochemically Controlled Swelling Properties of Multi-walled Carbon Nanotube 
Modified Polypyrrole and a Bilayer Polypyrrole/Polythiophene  
 
5.1. Introduction 
 
Electroactive polymers can be used in devices such as sensors and actuators
1-5
 thus it is 
necessary to understand their electrochemical properties and the actuation mechanism due to 
Faradaic doping and undoping.
6 
Electroactive polymers (EAPs) have many advantageous 
properties such as lightweight, inexpensive, fracture tolerant, and pliable.
4
 Also their shapes and 
properties can be adapted to meet a broad range of requirements and applications in many fields 
of technology, such as energy storage materials (batteries and supercapacitors) or active layers 
for ion/molecule sensitive electrodes.
4,7 
Polypyrrole (PPy) is an EAP that has been incorporated into electrochemical actuators and 
extensively studied due to these advantageous properties such as biocompatibility, 
biodegradability, ease of synthesis, low actuation power, ability to work in liquid and air 
environments, and stability with large volume changes.
1,8-10
 This conducting polymer actuators 
can be electrochemically oxidized and reduced in a continuous and reversible way, leading to 
either bending or linear movement.
1
 Previous studies of PPy electroactuation have shown that the 
response changes over time with successive doping and dedoping.
11
 In order to ensure that PPy 
can be utilized as an electroactuator, the response must be stable and reproducible over time.
11
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Despite the great applicability of PPy, the degradation of PPy in the course of time makes it 
diﬃcult to use for long-term applications.12 Carbon nanotubes (CNTs) have been incorporated 
into the EAP due to their excellent mechanical and electrical properties.
12
 Also a layer-by-layer 
(LBL) film of multi-walled carbon nanotube (MWNT) has been shown to exhibit a signiﬁcantly 
higher performance based on the charge storage capacity, impedance and the charge 
electrochemical stability.
12
 
A key performance requirement of actuator materials is the rate at which deformation occurs 
as the polypyrrole undergoes expansion and contraction.
13
 Therefore the choice of electrolyte 
and solvent are important for enhancing actuator performance.
13 
It has been shown that the strain 
rates depend on the ion diffusion rates through the thickness of the polymer.
13
 In this study, the 
effect of ion size on actuation was studied. 
Improving the porosity by the addition of MWNTs has been shown to enhance the actuation 
properties of a single layer of PPy in previous work of this group and other groups.
12,14-16
 An 
improved porosity can enhance the electrolyte access to reaction centers and decrease the mass 
transfer resistance in conducting polymers.
7
 However, most actuators are bilayer with a single 
actuating film affixed to a second electrochemically inert layer.
17
 The electrochemically inert 
layer increases the strength, weight and volume of the actuator.
18-19
 Han, et al showed that the a 
polythiophene (PTh) can be used to replace the inert layer since it is electrically conductive and 
acts as a current collector.
9-10
 There was enhanced actuation properties in a PPy PTh actuator due 
to increased strength and loading capacity.
9-10
 
This study investigates the electrochemically controlled swelling properties of polymers such 
as polyprrole (PPy) and polythiophene (PTh). In this work, the movement of ions and solvent 
molecules associated with charge transport in these electronically conducting polymers has been 
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investigated. The stress-strain relationships for the actuator materials were characterized using 
electrochemical stress and ‘crystal resistance’ measurements using electrochemical quartz crystal 
microbalance (EQCM). EQCM has been used to study polymer modified electrodes in order to 
follow the growth of the polymer and the redox switching processes.
20
 In situ electrochemical 
stress measurements were used as a non-destructive method to measure the stress induced by 
incorporation of the ions in order to confirm the mechanism of actuation. A bilayer polymer is 
proposed of PPy and PTh. This layered PPy PTh based actuators will inhibit electrolyte flow less 
relative to bulk materials and will provide graded strain response to anion or cation gradients. It 
is proposed that actuation will be enhanced in the bilayer PPy PTh film.  
 
5.2. Experimental 
5.2.1. Chemicals and Materials 
  
Propylene carbonate (PC), tetrabutylammonium hexafluorophosphate (TBAPF6), and 1-
butyl-3-methyl imidazolium hexafluorophosphate (BMIPF6) were obtained from Sigma-Aldrich 
and used as received. The working electrodes were quartz crystals for the EQCM with a polished 
Au electrode surface (Maxtek 149273-1, 1.3272 cm
2
) with a resonant frequency of 5 MHz. Pt 
gauze was used as the counter electrode and a ‘no leak’ Ag/AgCl electrode (Dynex) was used as 
the reference electrode. 
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5.2.2. Polymerization of Polymer 
 
Pyrrole (0.05 M, Sigma Aldrich) and thiophene (0.05 M, Sigma Aldrich) were prepared in 
separate PC solutions containing TBAPF6 (0.05 M). Electropolymerization of the polymer was 
carried out galvanostatically in a water-cooled beaker kept at 30 °C following previous work in 
this group.
14
 The electrodes were immersed into the propylene carbonate (PC) solution 
containing 0.05 M pyrrole (thiophene) and 0.05 M TBAPF6  or 0.05 M BMIPF6. The polymer 
film was grown on the Au electrode surface (Maxtek) using a current density of 0.15 mA/cm
2
 for 
15 min.  
 
5.2.3. Multi-walled Nanotubes (MWNTs) Modified Polymer Film  
 
MWNTs (US Research Nanomaterials, >95%, OD: 20-30 nm) were refluxed and 
functionalized following previous work.
1,10,14
 A polymer film was first grown on an Au EQCM 
crystal as previously described above. 0.5 mg/ml of the functionalized MWNTs were dispersed 
in Milli-Q water by sonication for 15 min. A 400 µL aliquot of the MWNTs dispersion was cast 
on the Au electrode surface and dried overnight under ambient conditions.  
 
5.2.4. Atomic Force Microscopy (AFM) 
  
AFM images were obtained using PicoSPM 300 (Molecular Imaging), using a commercial 
controller and data acquisition electronics (Nanoscope E, Digital Instruments). All AFM 
observations were carried out under contact mode. In these studies, Si3N4 triangular cantilevers 
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(Bruker, NP-S10) with a spring constant (0.35 N/m) were used. The lowest force was applied on 
the surface to avoid any surface damage during scanning. Larger forces were used to make a 
square hole in the surface to estimate the thickness of the sample. The forces and digging time 
were varied with the hardness of sample until the deepest hole was created. All AFM images 
were collected at 512 × 512 pixel resolution at a scan rate of 1.5 Hz. These images were flattened 
with NanoScope E version 5.12 (Digital Instruments) and further analyzed by WSxM version 5.0 
(Nanotec Electronica, Madrid, Spain). 
 
5.2.5. Electrochemical Quartz Crystal Microbalance (EQCM) 
 
Electrochemical control was provided with CH Instruments Electrochemical Workstation 
760. Electrochemical Quartz Crystal Microbalance (EQCM) data were recorded using a home-
built program written in LabVIEW (National Instruments). The frequency of the EQCM for the 
studies of the bilayer polymer film was monitored with a Maxtek Research Quartz Crystal 
Microbalance monitor (RQCM 11000000) equipped with a crystal holder (CHT-100). The 
EQCM cell includes a water-cooled beaker kept at 30 °C using a Neslab RTE 10 Refrigerated 
Bath (Thermo Electron Corporation) to minimize frequency changes due to temperature 
fluctuations. 
The swelling behavior of the films was studied under potentiodynamic conditions in 0.05 M 
of the different solutions in PC. The cyclic voltammetry (CV) of the materials were run within 
the potential limits of -1 V and +1 V. The swelling behavior was monitored alternating between -
1 V and +1 V for 20 s for a total time of 960 s. EQCM was used to evaluate the films swelling 
properties due to the insertion and removal of ions.  
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5.2.6. In situ Electrochemical Stress Measurements 
 
Au cantilevers were fabricated from glass microscope cover slips (Gold Seal No. 1, 150 µm 
thick) modified on one side by DC magnetron sputter deposition of 150 nm Au. Cantilevers (25 
mm x 1.5 mm) were cut from the cover slips using a diamond-tipped pen. The cantilevers were 
rinsed with water (Milli-Q, Millipore, 18 Ω) then annealed with H2 flame. The cantilevers were 
immersed into the propylene carbonate (PC) solution containing 0.05 M pyrrole (thiophene) and 
0.05 M TBAPF6. The polymer film was grown on the Au cantilever using a current of 0.2 mA for 
15 min. 
In situ electrochemical stress measurements were conducted using an electrochemical cell 
and optical stress measurement set up previously described.
21-22
 Surface stress was measured 
using the bending beam method and the cantilever curvature was calculated using the Stoney’s 
equation
32
: Δg = gt − g0 =
Yt2C
6(1−𝜈)
  where Δg: Difference of interface stresses on the two sides of 
the cantilever, gt and g0 , Y: Young’s modulus, ν: Poisson ratio, t: Cantilever thickness and C: 
Curvature of the cantilever. The cantilever curvature C is determined from C =
√2∆V
nwFβ
 where ∆V: 
Voltage output from the lock-in amplifier, w: Laser scanning width on the cantilever, F: Primary 
lens focal length (500 mm), β: Calibration constant of the PSD and n: refractive index of the 
electrolyte. 
 The cyclic voltammetry (CV) of the materials was conducted within the potential limits of -1 
V and +1 V. The swelling behavior was monitored while alternating between -1 V and +1 V for 
200 s for a total time of 4000 s. Surface stress changes and the electrochemical data were 
recorded on a home-built program using LabVIEW (National Instruments). The refractive index 
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of the electrolytes were measured using Refracto 30GS (Mettler Toledo). Stress measurements 
were used to evaluate the films swelling properties due to the insertion and removal of ions. 
  
5.3. Results 
5.3.1. Swelling Properties of a Bilayer Polypyrrole/ Polythiophene (PPy PTh) 
 
This and prior work showed that the highest degree of actuation was found in films 
containing a bilayer constructed from polypyrrole and polythiophene. There was enhanced 
actuation in a PPy PTh material due to increased strength and loading capacity.
9-10
 In this study, 
we examined factors which might further increase the magnitude of this actuation, and also 
contribute to bilayer stability.  
 
5.3.1.1. Estimation of Thickness and Surface Roughness by AFM 
 
Figure 5.1 shows AFM images of four different films. The PPy film and the bilayer PPy PTh 
film on the Au surface showed uniform morphology with many patches (~200 nm), similar to 
previous reports.
23-25
 The surface roughness were 20.5 ± 4.3 nm and 39.2 ± 13.0 nm for the PPy 
and PPy PTh films respectively (Table 5.1). Although the surface roughness of the PPy PTh film 
was higher than that of the PPy film, the values were comparable. In contrast, the MWNT-
containing polymer films were significantly rougher than those films with the polymer film only. 
The surface roughness was an order of magnitude increase for MWNT PPy and MWNT PPy 
PTh (376.9 ± 62.9 nm and 336.0 ± 34.5 nm, respectively) in comparison to that of PPy and PPy 
PTh (20.5 ± 4.3 nm and 39.2 ± 13.0 nm respectively). In Figure 5.1b, small patches disappeared 
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and many huge aggregations formed on the surface while scanning across the surface. The height 
difference was ~2 μm. A summary of the estimated thickness and surface roughness is shown in 
Table 5.1.  
 
5.3.1.2 Cyclic Voltammetry 
 
The CVs for the different films are shown in Figure 5.2a. The polymer films were compared 
to that of bare Au crystal and showed electrochemical processes. The observed CVs are similar 
to that typically observed with a single broad oxidation wave due to electron transfer during the 
formation of an insoluble conducting polymer film.
24 
The oxidation and reduction peaks 
confirmed that the films are electrochemically and reversibly doped and undoped in a charged 
and neutral state respectively by the movement of ions in and out of the films.
26
 This 
oxidation/reduction of these polymer films has been shown to result in gain/loss of mass.
27 
The 
bilayer PPy PTh film had higher current densities than that of PPy thus higher mass changes will 
be observed for the bilayer PPy PTh film. Also the double layer capacitance was higher for the 
bilayer PPy PTh in comparison to the PPy which was indicative of higher actuation. Similar 
behavior was observed on the addition of MWNT (Figure 5.2b).  
 
5.3.1.3. Swelling Behavior of Polymer Films 
 
For the Sauerbrey linear frequency-to-mass relation to hold, the polymer overlayer must be 
rigid.
20
 This ensures that viscoelastic changes do not contribute to the frequency shift and lead to 
a wrong interpretation of the mass.
20
 Studies on several polymer systems indicate that this rigid 
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film approximation is valid if the polymeric overlayer thickness is small compared to the 
thickness of the crystal and if the overall mass loading results in a frequency change that is small 
with respect to the resonant frequency of the unloaded crystal.
24
 In this study the thickness of the 
polymer films were carefully controlled to achieve smaller values (200 – 2500 nm) in 
comparison to that of the Au crystal (333 µm). 
EQCM was used to observe the swelling of the films due to the insertion and removal of the 
ions. Figure 5.3 shows the change in frequency with cycling. Initially the polymer film was 
reduced when held at -1 V. There was an initial slight increase in the frequency at this negative 
potential due to a mass decrease as the incorporated PF6
-
 anions are expelled. As the potential 
was held at this negative potential, a gradual decrease in frequency was observed as mass 
increased due to the incorporation of the TBA
+
 cations. When the potential was switched to +1 
V, the polymer film was oxidized. Initially there was a slight increase in frequency as the mass 
decreased due to the expulsion of the TBA
+
 cations. Then there was a rapid decrease in 
frequency as the mass increased with incorporation of the PF6
-
 anions. The frequency changes 
observed during the incorporation of PF6
-
 anions are more rapid and of a greater magnitude than 
that of TBA
+
 cations. This was due to differing strain effects because it is easier to incorporate 
the smaller PF6
-
 anions (0.254 nm, 0.069 nm
3
) than the bulkier TBA
+
 (0.411 nm, 0.29 nm
3
). 
Similar trends in the frequency changes were observed for the bilayer PPy PTh. The bilayer 
PPy PTh showed an order of magnitude increase in the initial frequency (1633.0 Hz) compared 
to that of PPy (859.9 Hz) when held at +1 V to allow for PF6
- 
anions to be inserted. The initial 
change in frequency of the films agreed with that observed for change in mass (Figure S2). This 
change was not attributed to higher actuation observed from thicker films since the thickness of 
the film was controlled and had similar values of 250 ± 50 nm and 300 ± 50 nm for PPy film and 
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the bilayer PPy PTh film respectively. However, the presence of PTh enhanced the electrical 
conductivity. This enhanced actuation agreed with that previously observed by Hans, et al, due to 
increased loading capacity and strength of PTh.
9-10 
 
The addition of MWNTs decreased the initial change in frequency (Figure 5b). The initial 
change in frequency was 379.0 Hz and 1358.7 Hz for MWNT PPy film and MWNT PPy PTh 
film respectively. The decrease in overall actuation could be due to the difference in thickness. 
The polymer films containing MWNTs were an order of magnitude thicker than that of the 
polymer film only. This additional layer increased the diffusion length through which the ions 
move in and out of the films. Overall, the bilayer PPy PTh film increased the change in mass 
thus there was an increase in the change in frequency.  
 
5.3.2. Studies in 0.05 M BMIPF6 in PC 
 
The degradation of polymers over time limits the use for long term applications.
12 
In an 
attempt to stabilize the polymer film, studies were conducted in the ionic liquid BMIPF6 in PC.  
 
5.3.2.1. Cyclic Voltammetry 
 
The CVs for the different films cycled in 0.05 M BMIPF6 in PC are shown in Figure 5.5. The 
bilayer PPy PTh film had higher current densities than that of PPy thus higher mass changes was 
observed for the bilayer PPy PTh film. The double layer capacitance was comparable to that 
observed for studies in TBAPF6. 
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5.3.2.2. Swelling Behavior of Polymer Films 
 
Figure 5.6 shows the change in frequency of the films with cycling. The bilayer PPy PTh 
showed a higher initial frequency of 2369.4 Hz compared to that of PPy of 1317.2 Hz when held 
at +1 V to allow for PF6
- 
anions to be inserted. The initial change in frequency of PPy PTh in 
comparison to that of PPy agreed with the observed change in mass (Figure 5.7). The addition of 
MWNTs increased the initial change in frequency. The initial change in frequency was 1452.5 
Hz and 3027.1 Hz for MWNT PPy and MWNT PPy PTh respectively. Overall, there was an 
increase in mass due to the incorporation of ions in the bilayer PPy PTh film in comparison to 
the PPy film thus an increase in the change in frequency. Ionic liquids have been utilized to 
improve the electrochemical stability thus strains are more consistent. The actuation due to the 
ion movement was stable over the cycles in BMIPF6 and consistent over time. 
  
5.3.3. In situ Electrochemical Stress Measurements 
 
Figure 5.8 shows the in situ electrochemical stress data collected during cyclic voltammetry 
of the polymer films. During the anodic scan, the films were oxidized thus positively charged. In 
order to counteract this positive charge, initially the TBA
+
 cations were expelled from the film 
thus there was an initial tensile stress as the film shrinked. Upon further oxidation, PF6
-
 anions 
were incorporated which resulted in swelling of the film and a drastic increase in compressive 
stress. During the reverse cathodic scan, the opposite effect was observed. There was an increase 
in tensile stress as the film was negatively charged thus expelling the PF6
-
 ions then  eventually 
TBA
+ 
ions were then incorporated thus an increase in compressive stress. 
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The magnitude of the compressive stress due to swelling upon incorporation of PF6
- 
ions 
observed for the bilayer PPy PTh film (10.4 N/m) was greater than that of the PPy film (5.0 
N/m). These stress values further confirmed that the ion movement in the bilayer PPy PTh film 
was more enhanced than that in the PPy film. Also the compressive stress due to the 
incorporation of the PF6
-
 ions was greater in magnitude than that for the TBA
+
 ions. Thus 
agreeing with the EQCM studies and providing further evidence that due to the difference in 
sizes, the smaller PF6
-
 ions were incorporated faster and more readily than the larger TBA
+
 ions. 
Figure 5.9 shows the in situ electrochemical stress data collected during cyclic voltammetry 
of the MWNTs modified polymer films. Similar trends in change in stress were observed as that 
without the MWNTs. However the magnitudes of the stress were significantly less. The MWNTs 
enhanced the porosity of the film thus less stress was observed on the surfaces of the films.  
The in situ electrochemical stress was also measured during chronoamperometric studies by 
alternating between -1 V and + 1V for 200s (Figures 5.10 and 5.11). Similar values in the 
magnitude of the stress were observed as that during the cyclic voltammetry studies. Table 5.4 
shows a summary of the stress measurements. The in situ electrochemical stress studies 
supported and provided further evidence for the mechanism of actuation observed during the 
EQCM studies.  
 
5.4. Discussion 
5.4.1. The Effect of Different Ion Sizes on the Swelling Properties 
 
The size of the ion incorporated in the polymer film plays an important role in their actuation 
properties.
28
 Smaller ions tend to be more mobile than larger ions. These larger ions tend to be 
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immobilized as dopants within the polymer film.
28
 Actuation in the TBAPF6 and BMIPF6 
electrolytes exhibited both cations and anions movement. However the movement was 
dominated by the insertion and expulsion of the smaller PF6
-
 anions than the larger TBA
+
 or 
BMI
+
 cations.  BMI
+
 cations are larger than the TBA
+
 ions thus the BMI
+
 ions were immobilized 
and smaller actuation was observed in comparison to that observed due to TBA
+
. Overall the 
actuation was dominated by the insertion and expulsion of the anions. This movement of anions 
can be explained based on the electrochemically simulated conformational relaxation model 
(ESCR) model.
30  
 
5.4.2. The Effect of Incorporation of Polythiophene (PTh) in Bilayer on the Swelling 
Properties 
 
The difference in swelling of polymers is dependent on the crosslinking density of the 
polymer.
15
 Highly crosslinked polymers tend to swell to a lesser degree which would result in a 
difference in volume changes.
15
 PPy tend to exhibit some crosslinking and is 
quasiunidimensional.
29
 However, PTh with π-conjugated backbone containing sulfur tend to 
exhibit electrostatic crosslinking resulting in a more microporous structure.
29
 The degree of 
crosslinking in PTh compared to PPy could explain the difference in swelling properties 
observed in the PPy PTh film in comparison to the PPy film.  
The electrochemical conductivity and electromechanical strengths of the different polymers 
also affect their swelling properties.
30-31
 The increased conductivity and mechanical strength due 
to the incorporation of PTh in the bilayer PPy PTh film enhanced the actuation in the PPy PTh 
film in comparison to the PPy film. The electrochemical stability of the different polymers vary 
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as well based on the type of doping.
31
 The p-type materials tend to be stable over a wider voltage 
window than the n-type material.
31
 Typically PPy exhibits n-type character and PTh exhibits p-
type character. Thus the presence of PTh enhanced the stability of the bilayer PPy PTh film in 
comparison to that of the PPy film. The degradation of polymers over time limits the use for long 
term applications.
12
 The degradation of the polymer may lead to delamination from the electrode 
and reduced actuation with cycling.
31
 For the studies conducted in PPy, there was decreased 
actuation with cycling and the changes were unstable in comparison to the bilayer PPy PTh film. 
There was an overall increase in actuation due to the addition of PTh in the bilayer PPy PTh film 
in comparison to the PPy film. 
 
5.4.3. Ion Incorporation in Polymer Film Effect on In situ Surface Stress 
 
In situ electrochemical stress measurements were used to explain the mechanism of the 
actuation in the polymer films due to ion incorporation. The observed trend in stress changes 
provided further evidence that the size of the ion influenced the rate and magnitude of the 
actuation. The movement of the PF6
-
 ions in and out of the polymer changed the compressive and 
tensile stress respectively. The magnitude of these stress values was larger than that due to the 
movement of the larger TBA
+
 ions. The decrease in magnitude of the stress upon the 
incorporation of the MWNTs in the polymer film also confirmed that the porosity of the films 
was increased by the presence of the MWNTs. In situ electrochemical stress measurements were 
a non- destructive method used in comparison to typical mechanical stress measurements, thus is 
a novel way of determining the stress in polymer films.  
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5.5. Conclusions 
 
The electrochemically swelling properties of a bilayer polypyrrole/ polythiophene film were 
studied. The mechanism of the actuation due to ion movement in and out of the polymer film 
was studied by electrochemical quartz crystal microbalance and in situ stress measurements. 
These methods were used to understand and provide more insight into the actuation. The 
swelling in the bilayer PPy PTh film was significantly higher that of PPy film. Although the 
thickness of the films were comparable 300 nm (PPy PTh) and 250 nm (PPy), the addition of 
PTh inhibited the flow of ions thus affected the change in mass and frequency. The change in 
frequency was an order of magnitude higher for the PPy PTh film (1633.0 Hz) in comparison to 
the PPy film (859.9 Hz). Incorporation of MWNTs slightly decreased the change in mass 
compared to that without MWNTs because insertion was more difficult to achieve. This also 
resulted in an overall decrease in swelling/deswelling rates with cycling. However, the swelling 
properties of MWNT PPy PTh film were also enhanced in comparison to MWNT PPy film. The 
bilayer PPy PTh film had a positive effect on the swelling properties thus an increased actuation 
in comparison to PPy. Actuation was enhanced in the bilayer PPy PTh film. This bilayer PPy 
PTh polymer film showed potential for enhancing the actuation and capacitance in energy 
storage devices.  
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5.6. Figures 
 
Figure 5.1. AFM images showing morphology of PPy (a), MWNT PPy (b), PPy PTh (c) and 
MWNT PPy PTh (d) with scan area of are 1.5 × 1.5 μm2 for the polymers and 10 × 10 μm2 for 
MWNTs on polymers.   
 
 
Figure 5.2. CV in 0.05 M TBAPF6/PC electrolyte for (a) Au (black, dot line), PPy (red, solid 
line), PPy PTh (blue, dash line), and (b) Au (black, dot line), MWNT PPy (green, solid line), 
MWNT PPy PTh (purple, dash line). 
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Figure 5.3. Change in frequency in 0.05 M TBAPF6/PC electrolyte for (a) PPy (red, solid line), 
PPy PTh (blue, dash line), and (b) MWNT PPy (green, solid line), MWNT PPy PTh (purple, 
dash line). Applied potential (black, solid line). 
 
Figure 5.4. Change in mass in 0.05 M TBAPF6/PC electrolyte for (a) PPy (red), PPy PTh (blue), 
and (b) MWNT PPy (green), MWNT PPy PTh (purple). Applied potential (black, solid line). 
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Figure 5.5. CV in 0.05 M BMIPF6/PC electrolyte for (a) PPy (red, solid line), PPy PTh (blue, 
dash line), and (b) MWNT PPy (green, solid line), MWNT PPy PTh (purple, dash line). 
 
Figure 5.6. Change in frequency in 0.05 M BMIPF6/PC electrolyte for (a) PPy (red, solid line), 
PPy PTh (blue, dash line), and (b) MWNT PPy (green, solid line), MWNT PPy PTh (purple, 
dash line). Applied potential (black, solid line). 
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Figure 5.7. Change in mass in 0.05 M BMIPF6/PC electrolyte for (a) PPy (red, solid line), PPy 
PTh (blue, dash line), and (b) MWNT PPy (green, solid line), MWNT PPy PTh (purple, dash 
line). Applied potential (black, solid line). 
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Figure 5.8. In situ Stress measurement studies showing the CVs (a,c) and the Delta Stress (b,d) 
for PPy (a,b, red, solid line) and PPy PTh (c,d, blue, dash line) in 0.05M TBAPF6/PC electrolyte. 
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Figure 5.9. In situ Stress measurement studies showing the Delta Stress for the 
chronoamperometric studies for (a) PPy (red solid line), and (b) PPy PTh (blue dash line) in 
0.05M TBAPF6/PC electrolyte. Applied potential (black, solid line). 
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Figure 5.10. In situ Stress measurement studies showing the CVs (a,c) and the Delta Stress (b,d) 
for MWNT PPy (a,b, green solid line) and MWNT PPy PTh (c,d, purple dash line) in 0.05 M 
TBAPF6/PC electrolyte. 
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Figure 5.11. In situ Stress measurement studies showing the Delta Stress for the 
chronoamperometric studies for (a) MWNT PPy (green, solid line), and (b) MWNT PPy PTh 
(purple dash line) in 0.05M TBAPF6/PC electrolyte. Applied potential (black, solid line). 
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5.7. Tables 
Table 5.1. Summary of Estimated Thickness and Surface Roughness for EQCM Studies from 
AFM. 
Film Estimated Thickness (nm) Surface Roughness  
(RMS) 
PPy 250 ± 50 20.5 ± 4.3 
PPy PTh 300 ± 50 39.2 ± 13.0 
MWNT PPy 1900 ± 400 376.9 ± 62.8 
MWNT PPy PTh 2200 ± 500 336.0 ± 34.5 
 
Table 5.2. Summary of Swelling Properties from EQCM in 0.05M TBAPF6 in PC. 
Film Initial Thickness 
(nm) 
Delta Frequency (Hz) Delta Mass 
(µg/cm
2
) 
PPy 250 859.9 15.2 
PPy PTh 300 1633.0 28.9 
MWNT PPy 1900 379.0 6.7 
MWNT PPy PTh 2200 1358.7 24.0 
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Table 5.3. Summary of Swelling Properties from EQCM in 0.05M BMIPF6 in PC. 
Film Delta Frequency (Hz) Delta Mass 
(µg/cm
2
) 
PPy 1317.2 23.3 
PPy PTh 2369.4 41.6 
MWNT PPy 1452.5 25.7 
MWNT PPy PTh 3027.1 53.7 
 
Table 5.4. Summary of In situ Electrochemical Stress Measurements in 0.05M TBAPF6 in PC. 
Film Delta Compressive Stress N/m 
(Cyclic voltammetry studies) 
Delta Compressive Stress N/m 
(Chronoamperometry studies) 
PPy 5.0 5.5 
PPy PTh 10.4 10.6 
MWNT PPy 1.9 1.8 
MWNT PPy PTh 2.2 2.5 
 
 
 
 
157 
 
5.8. References 
 
1 Gaihre, B.; Alici, G.; Spinks, G. M.; Cairney, J. M. Synthesis and performance evaluation 
of thin film PPy-PVDF multilayer electroactive polymer actuators. Sens. Actuators. A. 
2011, 165, 321-328. 
2 Wilson, S. A.; Jourdain, R. P. J.; Zhang, Q.; Dorey, R. A.; Bowen, C. R.; Willander, M.; 
Wahab, Q. U.; Willander, M.; Al-hilli, S. M.; Nur, O.; Quandt, E.; Johansson, C.; 
Pagounis, E.; Kohl, M.; Matovic, J.; Samel, B.; van, d. W. W.; Jager, E. W. H.; Carlsson, 
D.; Djinovic, Z.; Wegener, M.; Moldovan, C.; Iosub, R.; Abad, E.; Wendlandt, M.; Rusu, 
C.; Persson, K. New materials for micro-scale sensors and actuators: An engineering 
review. Mater. Sci. Eng. R.  2007, R56, 1-129. 
3 Otero, T. F.; Cortes, M. T. A sensing muscle. Sens. Actuators. B. 2003, 96, 152-156. 
4 Bar-Cohen, Y. Electroactive polymers as an enabling materials technology. Proc. Inst. 
Mech. Eng., Part G.  2007, 221, 553-564. 
5 Bar-Cohen, Y.; Zhang, Q. Electroactive polymer actuators and sensors. MRS Bull. 2008, 
33, 173-181. 
6 Liu, J.; Wang, Z.; Xie, X.; Cheng, H.; Zhao, Y.; Qu, L. A rationally-designed synergetic 
polypyrrole/graphene bilayer actuator. J. Mater. Chem. 2012, 22, 4015-4020. 
7 Hallik, A.; Alumaa, A.; Kurig, H.; Jaenes, A.; Lust, E.; Tamm, J. On the porosity of 
polypyrrole films. Synth. Met. 2007, 157, 1085-1090. 
8 Zhao, L.; Tong, L.; Li, C.; Gu, Z.; Shi, G. Polypyrrole actuators with inverse opal 
structures. J. Mater. Chem. 2009, 19, 1653-1658. 
158 
 
9 Han, G.; Shi, G. Conducting polymer electrochemical actuator made of high-strength 
three-layered composite films of polythiophene and polypyrrole. Sens. Actuators B.  
2004, 99, 525-531. 
10 Han, G.; Shi, G., Electrochemical actuator based on single-layer polypyrrole film. Sens. 
Actuators B. 2006, 113, 259-264. 
11 Gandhi, M. R.; Murray, P.; Spinks, G. M.; Wallace, G. G. Mechanism of 
electromechanical actuation in polypyrrole. Synth. Met. 1995, 73, 247-256. 
12 Chen, H.; Guo, L.; Ferhan, A. R.; Kim, D.-H. Multilayered Polypyrrole-Coated Carbon 
Nanotubes To Improve Functional Stability and Electrical Properties of Neural 
Electrodes. J. Phys. Chem. C. 2011, 115, 5492-5499. 
13 Ding, J.; Zhou, D.; Spinks, G.; Wallace, G.; Forsyth, S.; Forsyth, M.; MacFarlane, D. Use 
of Ionic Liquids as Electrolytes in Electromechanical Actuator Systems Based on 
Inherently Conducting Polymers. Chem. Mater. 2003, 15, 2392-2398. 
14 Aygun, A.; Buthker, J. W.; Stephenson, L. D.; Kumar, A.; Mahle, T. K.; Gewirth, A. A. 
Electrochemically controlled swelling properties of nanoporous templated polypyrrole 
and layer by layer polypyrrole. J. Electroanal. Chem. 2012, 684, 47-52. 
15 Kim, P.; Lieber, H. M. Nanotube nanotweezers. Science. 1999, 286, 2148-2150. 
16 Tu, X.; Xie, Q.; Jiang, S.; Yao, S. Electrochemical quartz crystal impedance study on the 
overoxidation of polypyrrole-carbon nanotubes composite film for amperometric 
detection of dopamine. Biosens. Bioelectron. 2007, 22, 2819-2826.  
17 Otero, T. F.; Sansinena, J. M. Soft and wet conducting polymers for artificial muscles. 
Adv. Mater. 1998, 10, 491-494. 
159 
 
18 Takashima, W.; Pandey, S. S.; Kaneto, K. Bi-ionic actuator by polypyrrole films. Synth. 
Met. 2003, 135-136, 61-62. 
19 Xie, X.; Bai, H.; Shi, G.; Qu, L. Load-tolerant, highly strain-responsive graphene sheets. 
J. Mater. Chem. 2011, 21, 2057-2059. 
20 Etchenique, R. A.; Calvo, E. J. Gravimetric measurement in redox polymer electrodes 
with the EQCM beyond the Sauerbrey limit. Electrochem. Commun. 1999, 1, 167-170. 
21 Tavassol, H.; Chan, M. K. Y.; Catarello, M. G.; Greeley, J.; Cahill, D. G.; Gewirth, A. A. 
Surface coverage and SEI induced electrochemical surface stress changes during Li 
deposition in a model system for Li-ion battery anodes. J. Electrochem. Soc. 2013, 160, 
A888-A896. 
22 Zhang, X.; Cahill, D. G. Measurements of Interface Stress of Silicon Dioxide in Contact 
with Water-Phenol Mixtures by Bending of Microcantilevers. Langmuir. 2006, 22, 9062-
9066. 
23 Silk, T.; Hong, Q.; Tamm, J.; Compton, R. G. AFM studies of polypyrrole film surface 
morphology. II. Roughness characterization by the fractal dimension analysis. Synth. 
Met. 1998, 93, 65-71. 
24 Zhang, J.; Li, X.; Guo, W.; Hreid, T.; Hou, J.; Su, H.; Yuan, Z. Electropolymerization of 
a poly(3,4-ethylenedioxythiophene) and functionalized, multi-walled, carbon nanotubes 
counter electrode for dye-sensitized solar cells and characterization of its performance. 
Electrochim. Acta. 2011, 56, 3147-3152.  
25 Fabre, B.; Wayner, D. D. M. Electrochemically Directed Micropatterning of a 
Conducting Polymer Covalently Bound to Silicon. Langmuir. 2003, 19, 7145-7146. 
160 
 
26 Otero, T. F.; Boyano, I. Comparative Study of Conducting Polymers by the ESCR 
Model. J. Phys. Chem. B. 2003, 107, 6730-6738.  
27 Kim, L. T. T.; Gabrielli, C.; Pailleret, A.; Perrot, H. Correlation between ion-exchange 
properties and swelling/shrinking processes in hexasulfonated calix[6]arene doped 
polypyrrole films: ac-electrogravimetry and electrochemical atomic force microscopy 
investigations. Electrochim. Acta. 2011, 56, 3516-3525. 
28 Kiefer, R.; Kilmartin, P. A.; Bowmaker, G. A.; Cooney, R. P.; Travas-Sejdic, J. 
Actuation of polypyrrole films in propylene carbonate electrolytes. Sens. Actuators. B. 
2007, 125, 628-634. 
29 Aleman, C.; Casanovas, J.; Torras, J.; Bertran, O.; Armelin, E.; Oliver, R.; Estrany, F. 
Cross-linking in polypyrrole and poly(N-methylpyrrole): Comparative experimental and 
theoretical studies. Polymer. 2008, 49, 1066-1075. 
30 Song, H.-K.; Palmore, G. T. R. Redox-active polypyrrole: toward polymer-based 
batteries. Adv. Mater. 2006, 18, 1764-1768. 
31 Abdelhamid, M. E.; O'Mullane, A. P.; Snook, G. A. Storing energy in plastics: a review 
on conducting polymers & their role in electrochemical energy storage. RSC Adv. 2015, 
5, 11611-11626.  
 
 
 
